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Producing desirable firmness is important in manufacturing tofu from soybeans. This
study’s objective was to explore the environmental impact (location and year) on soybean
chemical components and identify the correlations between chemical composition and the
firmness of tofu made from soybeans planted in three locations over two years. Seventeen
soybean Plant Introductions (PI) from the USDA Soybean Germplasm Collection and eight
check varieties were planted in Mississippi, Virginia and Missouri in 2017 and 2018. Protein
subunit composition, protein secondary structure, phytic acid content, Ca2+ and Mg2+ content
were determined. The result showed that A3 subunit content was strongly correlated with tofu
firmness. Environmental factors had a significant influence on some chemical components in
soybean seeds as well as tofu texture. The current study confirmed the validity of using A3
peptide as a criterion for estimating tofu firmness in both tofu manufacturing and food-grade
soybean trade.
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CHAPTER I
INTRODUCTION
Soybean, which is a world-wide crop, was first planted in China about 4000 years ago. It
is a Chinese traditional food and has spread to Eastern Asian countries and North America.
Soybean can be made into soymilk and tofu, which gradually has been accepted by many food
institutions due to its high nutritional value (Chang and Liu, 2012). The main components in
soymilk and tofu are water, protein, oil, and minerals. Tofu is a major soy food, which is made
from soymilk, and is primarily made from whole raw soybeans. It is a viscoelastic semi-solid
(protein-lipid emulsion) gel that is made from heated soymilk after the addition of a coagulant
(Chang 2006; Chang, 2015). Tofu made in different styles may have different textures.
Manufacturing good quality tofu is very important to the food industry and consumers. Many
factors may influence tofu quality. First of all, coagulants have a definite effect on tofu yield and
quality (Chang and Liu, 2012). Wang et al., (1983) and Chang and Hou (2004) reported that
different types and concentration of coagulant used can make tofu products in different texture.
They also proved that different coagulation methods (stirring time and speed) can change tofu
quality. Protein composition can also significantly affect tofu texture. Approximately 35% to
40% of soybeans are made up of soy proteins (mostly globulins) and approximately 90% of these
proteins are water extractable on the dry basis. These proteins consist of four major fractions
defined as 2S, 7S, 11S and 15S, which are classified based on their sedimentation rates (Chang
1

and Liu, 2012; Chang, 2015). Soy proteins are the dominant components in tofu products, which
provide the major network structure of tofu gel. Many previous researchers used purified protein
isolates to find the function of each protein fraction to help understand the mechanism of the
gelation of soy protein. Saio et al. (1969) found that the gel made from l1S protein isolates was
much harder than that made from 7S protein isolates. However, opposite results were found by
Utsumi and Kinsella 1985). They demonstrated that gels of 7S purified protein had relatively
higher firmness than gels made from 11S purified protein. However, tofu is commonly made
from whole-soybean soymilk. Tofu gelation is more complex than purified protein gelation,
because tofu gel not only contains proteins, but also has lipids, sugars, phytate, minerals,
saponins, isoflavones and polyphenols and others. The mechanism of tofu gelation is very
different from the gelation of protein isolates. Cai and Chang (1999) claimed that the 11S/7S
ratio are soy protein positively affected the tofu firmness. Mujoo et al. (2003) also supported this
result that 11S protein fraction of soy proteins, and the 11S/7S ratio is both good indicators for
texture properties of tofu products. Nakamura et al. (1984) found that A3 subunit concentration
had a stronger effect on tofu quality than other protein fractions based on a study with only 3
soybean samples. More recently, Meng and Chang (2016) agreed that A3 subunit content
strongly correlated with tofu firmness with 22 soybean varieties. Defined tofu processing
methods and constant processing condition were used to prove the relationship. Processing
methods also affect 7S and 11S protein content of tofu, implying that processing methods also
change the tofu yield and tofu quality (Cai and Chang, 1999). Some other chemical components
in soybean may influence the hardness of tofu products. The amount of calcium ion added into
soymilk before tofu gelation made significant influence on tofu hardness and yield (Skurray et
2

al., 1980). Saio et al. (1969) found that increasing the phytic acid added into the soymilk would
increase the hardness of tofu products. However, the phytate hydrolysis in soybeans during
storage contributed to the loss in chelating ability with calcium ions and affect tofu gelation to
make softer tofu products (Hou and Chang, 2003).
In our current study, some chemical components in soybean seeds (Ca2+ and Mg2+ content,
phytic acid content, protein secondary structure) and correlations were conducted. Environmental
influence (years and locations) on tofu texture, soy protein content, soy protein secondary
structure, mineral content (Ca2+ and Mg2+), phytic acid content was tested. We also continued to
verify the proof of relationship between A3 subunit content and tofu firmness with the same tofu
processing method as our previous study. Environmental effect is very critical to tofu quality,
because some chemical composition in soybean seeds (proteins, isoflavones, mineral content and
otners) can be affected by crop years, locations and growing conditions. However, how the
environmental impact affects the chemical compositions of soybean seeds and the extent of these
influences to soybean seeds as well as tofu texture quality had not been studied and was the main
part in this study. For the future purpose of current study, the proof of the correlation between A3
subunit content and tofu firmness can help for selecting superior soy bean genotypes to make a
high quality of tofu products with various firmness. The A3 subunit may be used as a basis for
soybean breeding and as a criterion to predict the tofu firmness made from a particular variety of
soybean. Thus, it can make a far-reaching influence to help the US soybean industry to compete
in the international soybean markets.
Thus, in this study, our major objective was to study the relationship between soybean
chemical components and tofu texture quality, and particularly was to validate the effect of A3
3

subunit and tofu firmness. Another important aim of this study was identifying the environmental
impact with the same soybean genotypes planted from different locations in different years.
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CHAPTER II
LITERATURE REVIEW
2.1

Introduction of soybean
Soybean is the world’s most important seed legume with over 40 % protein and 20 % oil.

The cultivation and use of soybean could be traced back to the beginning of China’s agricultural
age. As early as in 2853 BC, the Emperor Sheng-Nung of China named it as one of the five
sacred grains. Thus, soybean has been cultivated in China for more than 4,000 years (Hymowitz,
1970). It is believed that with the development of sea and land trades, soybean spreads from
China to nearby countries such as Japan, India, Indonesia, Malaysia, Nepal, Philippines,
Thailand and Vietnam.
Around 1921, China produced about 80 % of the world’s soybean (Bisaliah, 1986).
Currently, soybean is grown in more than 50 countries and is the leading oilseed crop produced
and consumed worldwide (Wilcox, 2004). Soybean has become the largest source of vegetable
oil and protein in the world. Large-scale cultivation of soybean is concentrated in a few
countries, Argentina, Brazil, Canada, China, India, Paraguay and USA together produce about
96% of the world’s 189 million tons annual soybean production. It is a short season leguminous
crop that grows in a warm climate. It is an annual, normally bushy and erect, usually yellow or
black seeds. The pods, stems and leaves are covered with fine brown or gray pubescence.
Soybean is an important commercial crop in many countries. It is rich in nutrient including
5

protein, oil, carbohydrates, minerals. Isoflavones are non-nutritive substances that can protect
human’s health. They have been associated with prevention of chronic diseases such as heart
disease, cancer, diabetes and hypertension (Craig, 1997). Soybean seeds contain many phenolic
compounds such as chlorogenic acid, caffeic acid, which have antioxidant effects that are
beneficial to human health (Kim et al., 2005).
A global food industry developed to manufacture many soybean food products like soymilk,
tofu, margarine and pastries. A chain of soy based industries has emerged in many countries. Oil
is extracted for human consumption and industrial uses. Defatted soy meal is converted into
various protein rich foods and feed products. Soybeans are not only to supply food for humans
and animals, but also to serve as a means for improving the soil characters through their ability in
atmospheric nitrogen fixation.
2.2

Soybean production in the U.S
Soybean is the most produced and consumed oil-seed crop worldwide. Approximately 226

million metric tons were produced in over 70 countries in 2013 (Food and Agricultural
Organization). In 2015, soybean was grown on 33.3 million acres, which contained about 26% of
the total USA cropland (Willer and Lernoud, 2019). Liu et al. (l995) reported that among the 10
selected soybean genotypes grown in Arkansas, on a dry matter basis, protein varied from 39.5%
to 50.2%, oil 16.3% to 21.6%, and protein plus oil 59.7% to 67.5%. Among the lines in the U.S.
germplasm collection, however, the range is even greater, with protein varying from about 30%
to over 50% and oil from about 12% to almost 30% (Orf, 1988). Organically produced soybean
represents less than 0.1% of total world production. In the USA, the certified organic soybean
crop was grown on 53 thousand acres or 0.17% of the total soybean acreage in the USA in 2011.
6

In addition to domestic production, organic product imports added up to nearly 1.3 billion USD,
and organic soybean products were among the top imports into the USA along with coffee, wine,
and olive oil (Willer and Lernoud, 2019).
2.3
2.3.1

Chemical components in soybean
Protein
Approximately 35% to 40% of soybeans are made up of soy proteins (mostly globulins)

on the dry basis and about 90% of these proteins can be extracted by water or salt solutions
(Chang and Liu, 2012). Soy proteins consist of discrete groups of polypeptides that have a wide
range of molecular size. There are four major fractions designated as 2S, 7S, 11S, and 15S
according to their sedimentation rates. The 7S and 11S proteins are the two major storage
proteins in soybeans, which contain approximately 70% of storage protein. The 2S fraction takes
up approximately 20% of the extractable proteins, which contain protease inhibitors (Steiner and
Frattali, 1969). The 7S fraction has been classified into three major components named βconglycinin, γ-conglycinin, and basic 7S globulin (Hirano et al., 1987). β-conglycinin accounts
for approximately 30% to 35% of the total seed protein, which is normally used to present the 7S
protein. The 11S fraction is glycinin, accounts for an additional third of the total seed protein.
The 15S fraction accounts for approximately 10% of the total seed protein, which is an aggregate
of 11S protein (Wolf and Nelsen 1996).
2.3.2

Lipids
Approximately 60% of total lipids in raw soymilk are associated with the protein

particles; however, only 3% are found in the protein particles of cooked soymilk (Ono et al.
7

1996). Liu and Chang (2010) found that oil-protein particle in raw soymilk was significantly
affected by soymilk preparation. At specific conditions, 80% to 90% of the total lipids and 30%
to 40% of the total proteins could be precipitated by low speed centrifugation in conjunction with
the 11S protein. The supernatant could be used to prepare low fat or fat free soymilk, and rich in
the 7S protein.
The precipitate that is 11S-rich fraction with high lipid content could be used as a food
ingredient with special functionality. After being heated to 65°C, part of the lipids and almost all
α and α′ subunits of β-conglycinin in the particulate fraction begin to liberate to soluble fraction.
At temperature higher than 90°C, almost all neutral lipids in the protein particles of raw soymilk
are liberated to a floating fraction, and one half of the phospholipids remains in the particles
(Ono et al. 1996). The coagulation of soymilk depends on the concentration of coagulant, the pH
of soymilk, and the temperature, the last being an external factor that accelerates soymilk
coagulation. In fact, the addition of coagulant causes not only the coagulation of protein and
gelation but also the incorporation of lipids into the protein gel with the lipid droplets being
located in the networks of the protein gel (Saio et al., 1969).
2.3.3

Phytic acid
Phytic acid (phytate) content comprises 1% to 2% of soybeans on a dry basis and

accounts for approximately 70% to 80% of the phosphorus in seeds (Cheryan, 1980). The antinutritional effects of phytic acid primarily relate to the strong chelating abilities associated with
its six reactive phosphate groups. Its ability to complex with proteins and particularly with
minerals has been a subject of investigation from chemical and nutritional viewpoints. (Urbano
et al., 2000)
8

2.3.4

Isoflavones
Isoflavone content varies among soybean varieties, which contain approximately 1 to 4

mg/g in soybean seeds. Soybeans and soy foods are the major foods containing a significant
amount of isoflavones. The main isoflavones found in soybeans are genistein, daidzein, and
glycitein. They have four chemical forms, which referred to aglycone, β-glucoside,
malonylglucoside and acetylglucoside (Chang and Liu, 2012).
Wang and Murphy (1994) reported that cooking did not influence the isoflavone retention
during tofu making but alter the distribution of isoflavones by dramatically decreasing in
malonylglucoside forms and increasing in acetylglucoside forms.
Xu and Chang (2009) claimed that the heating of soymilk caused significant increases in
glucoside and acetylglucoside forms but caused significant decreases in malonylglucoside and
aglycone forms. In addition, indirect UHT processing converted more isoflavones from
malonylglucoside form into glucoside form than the direct UHT did. Minimal heat processing
can convert substantial amounts of malonylglucoside to the β-glucosides. Total isoflavone
content in soy products decreased most likely due to diffusion of isoflavones into water during
processing.
2.3.5

Minerals
The level of minerals in plant raw materials is dependent on environmental and varietal

factors, but it is also possible to influence mineral content through agronomic practices (Wang et
al., 2008). Hamad (1986) reported that Ca2+ content of soybean ranged from 268.75 to 293.0, Cu
from 1.2 to 1.37, Fe from 9.04 to 13.32, Mg from 261.0 to 296.0, Mn from 3.38 to 4.94, K from
1500 to 1935, Na from 11.9 to 15.11 and Zn from 3.75 to 4.02 mg/100 g. Numerous breeding
9

programs are committed to developing new varieties with improved agronomic characteristics or
nutritional profiles. Although the chemical composition of seed material is genetically
controlled, it is known to be affected not only by genotype but also by the geographic location
and agronomic practices (Wilcox, 2001).
2.4
2.4.1

Manufacturing of soymilk and tofu
An overview of tofu and soymilk
In the Orient, whole soybeans are prepared for human quality tofu. However, tofu is

typically consumed by a wide array of preparations (Wang et al., 1979). Commonly, hot-water
extraction of wet-ground soybean yields a milk-like product called soymilk. Soymilk is
consumed as a beverage, but more often it is converted to curd or tofu by the addition of a
calcium or magnesium salt (Wang and Cavins, 1989; Chang, 2006). Soy foods and tofu in
particular can improve the nutritional quality of the human diet (Roussel et al., 1992).
Nowadays, several types of tofu exist in the market. For example, momen (firm or extra
firm) tofu, soft tofu, silken (Kinugoshi) tofu, and fill-packed silken tofu. These tofu products are
usually packed in trays with water, pasteurized and sold to consumers in developing countries.
Their shelf life is usually 3 to 4 weeks under proper refrigeration. However, in some countries,
many retailers always sell fresh tofu, which have only 1 to 3 days of shelf life. They may be sold
in plastic bags or containers with water, or even just cut into smaller blocks as ordered by the
consumers. Filled silken tofu has been sterilized and is shelf-stable for 6 months or longer under
refrigeration.

10

2.4.2

Preparation of soymilk

2.4.2.1

Cleaning and soaking
Raw soybean is washed to remove the foreign matters, and put into a container to soak

with tap water. Soaking time is dependent on soaking temperature and raw material
characteristics as affected by cultivar and storage. Usually, this soaking process takes 8 to 10 h at
15°C to 20°C or 12 to 16 h at 10°C to 15°C. However, the soaking time can be shortened if the
soaking temperature is high. And the soaking can be performed at low temperature (2-4°C) to
prevent off-flavor development. Figure 2.1 described steps of soymilk preparation.

Figure 2.1

Preparation of soymilk for tofu making. * 5°C to 20°C for 8 to 10 hrs or 10°C to
15°C for 12 to 16 hrs. **98 to 105°C for 2 to 5 min. (Chang and Liu, 2012)

11

2.4.2.2

Grinding
Soybean grinding is very important for making different types of tofu due to different

proportion of water. For example, the water dosage for silken tofu, soft tofu, and regular tofu is
5, 7 to 8, and 10 times of the raw soybean weight, respectively (Watanabe 1997). Components
in soybean seeds such as sugars, amino acids, and water-soluble vitamins are dissolved in the
water during the wet-grinding process. Proteins and lipids are dispersed in the slurry, and the
fibers are broken down to smaller particulates. Using a good method of grinding may give small
particle size and help extract more nutritional components. (Chang, 2006; Chang and Liu, 2012)
Water-to-bean ratio is explained as “the amount of water absorbed during soaking and the
amount added during grinding”. A ratio of 10:1 (v/w) is considered the best with recovered
soymilk having 6.0% to 6.3% solids and 3.0% protein (Watanabe et al., 1964).
2.4.2.3

Separation of soymilk
The separation of soymilk and residue can be accomplished by filtering the slurry in a

cotton cloth or nylon bag accompanied by manual pressing if the content of soymilk is small. For
large amount of soymilk, it is always separated by drum pressing, screw pressing, centrifugation,
or shake filtration (Chang and Liu, 2012). The Chinese procedure in the preparation of milk is to
separate the soymilk from the residue first and then followed by heating the filtered soymilk.
However, the Japanese method heats the slurry first before separating soymilk and residue. The
residue contains 17% and 29% of the original protein and solids in the original soybeans,
respectively. An additional 15% to 20% soymilk can be recovered when the residue is rewashed
and repressed (Shurtleff and Aoyagi 1990).

12

2.4.3

Tofu gelation properties

2.4.3.1

pH level
The pH of soymilk before coagulation usually is about neutral or slightly below as this is

affected by the original pH of soaking and water added during grinding. This near-neutral pH in
soymilk is therefore most suitable for lipoxygenases to work on the substrate to produce the
beany flavor compounds as indicated earlier (Chang and Liu, 2012).
2.4.3.2

Types of Coagulants
Coagulants have a definite effect on tofu yield and quality (Chang and Liu, 2012). Wang

et al. (1983) and Chang and Hou (2004) reported that different types and concentration of
coagulant used can make tofu products with different texture. They also proved that even
different coagulation methods (stirring time and speed) can change tofu quality.
Calcium chloride gives tofu an excellent flavor, almost identical to tofu made with
regular or refined nigari. It is generally recognized as safe in the United States, available in foodgrade and the cheapest chloride-type coagulant. However, compared with tofu made with
calcium sulfate or GDL, nigari-type coagulants react very rapidly with soymilk and therefore
require skills and attention. They must be added slowly, this type of tofu contains less water as
compared with the sulfate-type, and the yield is less with a coarser texture. Nigari is not suitable
for making silken tofu as the reaction is too fast for the high solid content and high temperature
of the soymilk. However, for filled silken tofu, this problem can be overcome by cooling down
the soymilk to 2°C to 4°C before adding the coagulant (Chang, 2006).
Calcium sulfate or gypsum is the most widely used sulfate-type coagulant for making tofu
in the world. It reacts slowly with the soymilk. Consequently, it allows the formation of curds
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with higher water-holding capacity and soft and smooth texture. Thus, they give 15% to 20%
higher bulk yield as compared with the nigari process.
Acid-type coagulant such as vinegar, lactic acid, and lemon juice can also be used as natural
coagulants. However, the use of this group of coagulant produces low yield with slightly
crumbly texture and a slightly tart flavor as compared with the nigari- and sulfate-type tofu.
2.4.3.3

Amount of coagulant
The amount of coagulant used greatly affects the yield, texture, taste, and aroma of final

tofu products. In general, when proper coagulation is achieved, the curds have a smooth and
cohesive texture in traditional tofu making. If the coagulant added is too little, the whey looks
cloudy containing some uncoagulated soymilk. If too much coagulant is used, the texture will
become coarse and crumbly (Chang and Liu, 2012)
Kao et al. (2003) reported that 0.4% calcium sulfate resulted in the most uniform and
homogeneous microstructure and retained the highest protein and water in the tofu gel. A rapid
titration method was developed in our laboratory for determining optimal coagulants of the
nigari type (calcium chloride and magnesium chloride) for filled tofu making. It was based on
the flow properties of the soymilk during titration with coagulant Liu and Chang, 2003 and
2004).
2.4.3.4

Coagulation temperature
When soymilk is at high temperature, proteins possess high active energy. This can lead

to fast coagulation, resulting in the formation of curd with low water holding capacity.
Consequently, tofu would have a hard texture and low bulk yield. The hotter the soymilk at the
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time of coagulation, the less the amount of coagulant required. In general, tofu makers prefer
85°C as coagulation temperature for using nigari and calcium sulfate.
2.4.3.5

Coagulation method
The stirring speed and the follow-up stirring after the addition of coagulant have very

definite effect on tofu yield and quality. Shih et al. (1997) determined the optimum combinations
of solids and protein content, coagulant concentration, soymilk temperature for adding coagulant,
and stirring time after adding coagulant for traditional soft tofu making. The optimum
combinations are soymilk 11.8 to 12.3°Brix, coagulant 0.27% to 0.32% of soymilk volume,
stirring temperature 85°C to 91°C, and stirring time of 5 to 11.3 s.
2.4.3.6

Protein
Protein composition significantly affect the tofu texture. Soy proteins are the dominant

components in tofu products, which provide the major network structure of tofu gel. Many
previous researchers used purified protein isolates to find the function of each protein fraction in
the gelation of soy protein. Saio et al. (1969) found that the gel made from l1S protein isolates
was much harder than that made from 7S protein isolates. However, opposite results were found
by Utsumi and Kinsella (1985), who demonstrated that gels of 7S purified protein had relatively
higher firmness than gels made from 11S purified protein. However, tofu is commonly made
from whole-soybean-made soymilk, the tofu gelation is more complex than purified protein
gelation, because tofu gel not only has proteins, but also has lipids, sugars, phytate, minerals,
saponins, isoflavones and polyphenols and others. The mechanism of tofu gelation is very
different from the gelation of protein isolates. Cai and Chang (1999) claimed that the 11S/7S
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ratio in soy protein positively affected the tofu firmness. Mujoo et al. (2003) also supported this
result that 11S protein, and the 11S/7S ratio are both good indicators for texture properties of
tofu products. Nakamura et al. (1984) found that A3 subunit concentration had a stronger effect
on tofu quality than other protein fractions based on a study with only three soybean varieties.
More recently, our laboratory confirmed that A3 subunit content strongly correlated with tofu
firmness with 22 soybean varieties, with defined tofu processing methods and constant
processing conditions (Meng et al., 2016).
2.4.3.7

Phytic acid
Previous researchers using four soybean genotypes (Saio et al., 1969) found that phytic

acid, naturally present in seeds or added to soybean milk, led to a slower coagulative reaction in
tofu-making and gave high yield of tofu products. More recently, Hou and Chang (2003)
reported that when the phytate content of soybean increased, tofu yield increased significantly
but tofu firmness became softer. However, they claimed that phytate did not have a direct effect
on tofu yield and hardness although the correlation existed.
2.5

Environmental effect on tofu quality and chemical components
Poysa et al. (2006) reported the influence of location, year and genotype. For protein

content, location and year effects were generally much larger than genotype effects. Genotype
effects were highly significant (p < 0.001) for all analyzed chemical components in soybean. The
location and genotype by location interaction effects were generally insignificant (p > 0.05) for
tofu traits. Year effects were more important than location effects for tofu yield, but year had a
much smaller effect on tofu firmness and hardness than the genotype.
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CHAPTER III
MATERIALS AND METHODS
3.1
3.1.1

Materials
Planting and harvest
To assess environmental effect on protein content, peptide and subunit compositions as

well as tofu quality, Twenty-two soybean Plant Introductions from the U.S. soybean collection
and six check soybean lines were grown and evaluated in three locations: (1) Stoneville,
Mississippi, USA by Dr. Anne Gillen, USDA-Agriculture Research Service; (2) Portageville,
Missouri, USA by Dr. Pengyin Chen, University of Missouri; and (3) Blacksburg, Virginia, USA
by Dr. Bo Zhang, Virginia Tech. The entries were divided into maturity group IV and maturity
group V trials. A randomized completed block design with 2 plots for each line was used for the
field experiments. Field practices followed the standard agronomic practices for yield trials of
the location where the trials were grown. Trials were planted in four rows with 12 feet in length
and 30 inch in row spacing, planted in May in Missouri and Virginia. The trials in Mississippi
had 5 row plots with 26 inch rows spacing and 16 ft. length planted in May. All were grown as
full-season crop, rain-fed and supplemented with irrigation when needed and possible. The
center rows were harvested with a plot combine at maturity to collect seed for tofu- production.
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3.1.2

Soybean seed selection for analysis
After receiving soybean seeds from the field locations, seed yield was calculated and seed

size was measured using 100 seed weight. Visual quality of the seed lots were assessed based on
seed color. Of the 22 lines in the initial study, 17 lines were selected for the final analysis based
on seed visual quality, adequate seed yield, and seed purity, i.e. there was no evidence in the
field that the line was contaminated and the hilum colors were consistent within a sample.
3.2
3.2.1
3.2.1.1

Methods
Tofu manufacturing
Filled tofu production
Filled tofu production followed the method of Toda et al. (2003) with minor

modifications. Soybean seeds (50 g) were washed and soaked with tap water (water: bean=7:1,
w/w) for 14-16 h at room temperature. Swollen soybean seeds were ground with 350 g tap water
for 3 min (water: bean=7:1, w/w) by Osterizer Mixer (Oster Co., Milwaukee, WI) at high speed
level. The soybean slurry was filtered through a muslin cloth to produce the soymilk. The weight
of soymilk (yield of filled tofu) was recorded. Soymilk was transferred into a glass beaker and
the beaker was heated on a stove with boiling water until the temperature of soymilk exceed 90
°C. After boiling for another 2 min, soymilk was cooled in ice water until the temperature was
below 5 °C. Soymilk was transferred into 60 mL modified syringes (34 mm diameter, Terumo
SS-60L, Terumo, Tokyo). 12.5% MgCl2 solution (1.0 mL) was added into soymilk (coagulant:
soymilk=1: 49, v/v). Soymilk was stirred by glass rod immediately and quickly to evenly
distribute the coagulant. After heating at 85 °C for 45 min in a temperature controlled water bath,
the filled tofu samples were stored at 4 °C until the texture analysis was taken.
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3.2.1.2

Pressed tofu production
The pressed tofu was prepared using the method of Yuan and Chang (2007) with minor

modifications. Soybean seeds (130 g) were washed and soaked with tap water (water: bean=5:1,
w/w) overnight for 14 h at room temperature. The swollen soybean seeds were drained and
ground with tap water (water: bean=9:1, w/w) for 3 min at speed six in the blender (model 908-2,
Hamilton Beach Co., Washington, NC). Soybean slurry was filtered through a muslin cloth to
obtain the soymilk. Weight of soymilk was recorded to calculate the yield of tofu products.
Soymilk was transferred into the pot and heated in boiling water on a stove for 10 min, and then
heated on the stove directly for another 5 min after soymilk was boiling. Soymilk was stirred for
1-2 min at speed 4 by Caframo stirrer (model RZR1, Caframo Ltd., Wiarton, ON, Canada) with a
stainless steel paddle (14 cm length * 1.5 cm width) to cool the temperature to almost 85 °C.
Suspended coagulant (2% CaSO4 suspension) was poured into soy milk quickly and stirred at
speed 4 by Caframo stirrer for 20 s. Soymilk was incubated in an insulated container and covered
with several layers of cloth to maintain temperature for 12 min for coagulation to take place.
Coagulated tofu was cut into small dices and transferred into tofu molds overlaid with a piece of
muslin cloth. Tofu was wrapped and pressed with 24 lb weight for 15 min, and was pressed with
48 lb for another 15 min. The wrapped cloth was removed before the weight of pressed tofu was
measured. The final pressed tofu products were stored in cold water at 4 °C for at least 12 h until
texture (brittleness, hardness and elasticity) analysis was conducted by TA.XT.PLUS texture
analyzer (Stable Micro System, Godalming, Surry, UK).
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Figure 3.1

Filled tofu during texture analysis.

Filled tofu products were cut into pieces of 10 mm in height and analyzed by a Texture Analyzer
(Stable Micro System, Godalming, Surry, UK) with an 8 mm diameter cylindrical plunger.

Figure 3.2

Pressed tofu before storage.

Pressed tofu was performed in duplicate for each genotype. Pressed tofu products were stored in
4 °C for 12 h before texture analysis.
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3.2.1.3

Texture analysis
The texture of filled tofu was analyzed by TA.XT.PLUS Texture Analyzer (Stable Micro

System, Godalming, Surry, UK) using 60 mm/min compression rate, 95% penetration and an 8
mm diameter cylindrical plunger were used to determine the filled tofu firmness. Filled tofu
samples were cut into pieces of 10 mm in height from modified syringes for texture analysis.
For pressed tofu analysis, each piece of pressed tofu was cut into small pieces by a
circular mould (3.75 cm diameter and 1.5 cm in height). The texture of pressed tofu was tested
by TA.XT.PLUS Texture analyzer (Stable Micro System, Godalming, Surry, UK). The settings
of 60 mm/min compression rate and 75% penetration were used to determine pressed tofu texture
(brittleness, hardness and elasticity).
3.2.2
3.2.2.1

Protein, peptide and subunit determination
Soy protein defatting and extraction
The method of protein extraction procedure before SDS-PAGE was followed by Cai and

Chang (1999) and Meng et al. (2016). Soybean flour (0.3 g) was defatted by 10 mL of acetone
with orbital shaker for 45 min at room temperature. The supernatant was discarded after
centrifugation at 4,500 x g for 20 min using a centrifuge (SorvallTM LegendTMX1, Thermo,
Mairetta, OH). Acetone was evaporated under hood overnight to obtain defatted soybean flour.
Defatted soybean flour was extracted with 3 mL sodium phosphate buffer (pH 8.5) with constant
shaking for 1 h at room temperature to extract soy proteins. The soy protein extract was
centrifuged at 4,500 x g for 20 minutes to remove the residue.
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3.2.2.2

Bradford method to determine the soy protein content
The supernatant from soy protein extraction was collected to determine protein content

by the Bradford method (Bradford, 1976). Samples were diluted 30 times with deionized water,
and 5 L were mixed with 250 L of Bradford standard solution. A portion of 200 L mixture
were transferred to a 96-well plate and measured for absorbance at 595 nm.
3.2.2.3

SDS-PAGE
Protein solutions were diluted to 2 mg/mL and a portion of 0.5 mL diluted sample

solution was mixed with 0.5 mL SDS sample buffer to make the final concentration of 1 mg/mL
(Cai and Chang, 1999). The protein solution was boiled for 10 min and 25 µg proteins were
loaded onto an 8% - 16% gradient gel. Sodium-dodecyl-sulfate polyacrylamide gel
electrophoresis was performed in a Bio-Rad Protean II chamber (Laemmli, 1970). Gels were
stained with Coomassie Brilliant Blue in a plastic container under constant, smooth speed
shaking for 3 h. Gels were put into the distaining solution to remove the background under
smooth shaking. Distained gels were scanned using a Molecular Imager (Bio-Rad ChemidocTM
XRS+, Hercules, California). Band intensity, mobility and total area were used to determine the
composition of glycinin, β-conglycinin, A3 subunit by using molecular weight marker.
Quantification of A3 subunit, glycinin and β-conglycinin was estimated using purified glycinin
and β-conglycinin as authentic standard.
3.2.3

Protein secondary structure of soybean samples by circular dichroism
Soybean flour (0.3 g) was defatted and extracted by using the method of sample

preparation in SDS-PAGE. Protein content was determined by the Bradford method (Bradford,
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1976). The solution of soy protein was diluted to 0.01 mg/ml with 10 mmol/L pH 8.5 sodium
phosphate buffer (Kamata et al., 1991; Wei et al., 2014). Scanning measurements with
wavelength from 190 nm to 250 nm were operated in a 0.1 cm path-length quartz cell by using
scan speed of 100 nm/min, band width of 1.0 nm, sensitivity of 20 mdeg, resolution of 0.1 nm,
and response time of 1.0 s. An average of 5 scans for each spectrum was used for analysis. All
spectrums were corrected by the subtraction of the buffer blank. Protein secondary structures of
soybean seeds (α-helix, β-sheet, β-turn and random coil) were analyzed by the Jasco J-810 CD
Spectropolarimeter (Jasco International Co., Tokyo, Japan) at 20 °C under constant nitrogen
purge (40 psi). Protein secondary structures were analyzed by the software
(DichroWeb:http://dichroweb.cryst.bbk.ac.uk).
3.2.4

Ca2+ and Mg2+ determination in soybean seeds
The method of calcium and magnesium determination used AOAC with minor

modifications (AOAC 19th edition, 2012, Method 962.01). Soybean flour (2.0 g) was dry-ashed
in crucibles at 550 °C for 5 h. After cooling to the room temperature, crucibles were boiled
gently for 10 min by adding 10 mL 3 N HCl with watch glass covered to extract Ca2+ and Mg2+.
The solution after cooling was filtered into 100 mL volumetric flasks. The solution was diluted
to volume with distilled water. Ten mL of distilled water, 10 mL of KOH-KCN solution and 35
mg of Calcein indicator were added into 10 mL of the diluted solution, and mixed solution was
titrated with 0.4% EDTA standard solution until the color of solution change from reddish pink
to light blue. The volume of 0.4% ETDA standard solution was used to determine calcium
content of soybean samples. For magnesium determination, exact volume of 0.4% EDTA
standard solution, which is required for Ca2+ determination, was added in 10 mL of diluted
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solution. One hundred mL of distilled water, 5 ml NH4Cl-NH4OH buffer, 2 mL of 2% KCN
solution, and 10 drops of Eriochrome black T indicator were added and mixed. The solution was
titrated with 0.1% EDTA standard solution until color change from wine red to pure blue. The
amount of 0.1% EDTA standard solution was used to calculate Mg2+ content in soybeans.
3.2.5

Phytic acid determination in soybean samples
Phytic acid determination was conducted by spectrophotometry (Barlett, 1959). Ground

soybean flour (2.0 g) was extracted in 100 mL of 1.2% HCl and 10% Na2SO4 solution for 2 h
and filtered through Whatman No.4 filter paper with a Buchner funnel. One mL of sample
solution was used for total phosphorus determination by heating in an oven at 150 °C for 3 h
with 0.5 mL 10 N H2SO4 solution. And then two drops of 30% H2O2 were added into the sample
solution, which was returned to the 150 °C oven for another 1.5 h. A portion 4.6 mL of 0.22 %
ammonium molybdate solution and 0.2 mL of the Fiske-SubbaRow reagent were added after
sample solution was cooled down. The solution was mixed thoroughly and heated for 7 min in a
boiling water bath. The absorbance was read at 830 nm in Evolution 60S UV-Visible
Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Deionized water (10 mL) and
FeCl3 solution (12 mL) were added to the other 10 mL of extracted solution and mixed well. The
solution was heated in boiling water for 75 min and centrifuged at 12,000 x g for 15 minutes
(SorvallTM LegendTMX1, Thermo, Mairetta, OH). The supernatant was used to determine the
soluble phosphorus. The same procedure as total phosphorus analysis was used to determine
soluble phosphorus content (Barlett, 1959). The difference between total and soluble phosphorus
was insoluble phosphorus. The phytic acid content in soybean was calculated from the insoluble
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phosphorus assuming 1 mole of phytic acid binds 6 moles of insoluble phosphorus (Thompson
and Erdman Jr, 1982).
3.2.6

Two-dimensional electrophoresis
The procedure of protein extraction was the same as that for protein preparation for SDS-

PAGE (Cai and Chang, 1999). Based on the protein content determined by the Bradford method,
a 0.5 mL protein solution with concentration of 4 mg/mL was prepared in a 1.5 mL
microcentrifuge tube. Protein was cleaned and precipitated by following the ReadyPrepTM 2-D
Cleanup Kit Instruction Manual (Catalog# 163-2130). Sample tubes were maintained in an ice
bucket during each step of the procedure unless otherwise specified. The protein pellet was
resuspended in 700 µL of rehydration buffer by well mixing. The concentration of protein
solution was measured by the Bradford method after protein was solubilized. An appropriate
volume of solubilized proteins (160 µg protein) was transferred to a new Eppendorf tube, and a
rehydration buffer with BioLyte 3/10 Ampholyte to a final volume of 400 µL was added.
Solubilized protein solution (400 µL) was loaded into the channel of IEF focusing tray. IPG
strips (11 cm, pH 3-10, Bio-Rad 163-2014) were assembled on each channel with 1.5 mL
mineral oil covered. IPG retainers were positioned on the top of the IPG strips at both the anode
and the cathode to maintain electrical contact with the IPG strips during IEF. Place the IEF
focusing tray on the Peltier platform in the Protean IEF cell. The program was set by following
PROTEAN® i12™ IEF System Instruction Manual (Catalog #164-6000). After rehydration and
isoelectric focusing step, the strips were taken out of the focusing tray, and an equilibration step
was performed in equilibration/rehydration tray. The same procedure of SDS-PAGE as that
described earlier was used for separation of protein components determination in the 2nd
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dimension. Melted agarose solution (1%) was loaded over the IPG strip in contact with the SDSPAGE gel before running. Image Scans of gels were carried out and analyzed by ChemiDoc™
XRS+ Imaging Systems (ChemiDoc XRS +, Hercules, CA, USA) by Image Lab™ Software.
3.2.7

Statistical analysis
All planting and analytical experiments were carried out in duplicate or triplicate with

completely randomized design. RCB (Randomized Completed Block) design was performed to
determine the effect of location and year on soybean seeds. Data were analyzed using 2014 SAS
software Version 9.4 (SAS Institute. Inc., Cary, NC, U.S.A.). Analysis of Variance was
performed, using Proc GLM with line, location and year as fixed effects. Least square means are
presented when applicable. Pearson’s correlation coefficient was calculated at p ＜ 0.05 using
least square means derived from the ANOVA analysis. Statistical significance of differences
between means was determined by the Duncan multiple range test procedure for independent
samples at p < 0.05.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Environmental impact on tofu texture and yield
Tables 4.1 and 4.2 showed the firmness of filled tofu made from soybean seeds in three

locations over two years. The value of filled tofu firmness ranged from 80.30 to 157.24 g/cm².
The firmness of filled tofu from Missouri was always higher than other two locations in both of
years. Texture parameters (hardness, brittleness, elasticity) of pressed tofu in three locations over
two years were shown in Tables 4.3 and 4.4. The range of brittleness of pressed tofu was from
1.46 to 3.57 kg force. Elasticity ranged from 19.68 to 46.27%. The firmness of pressed tofu
ranged between 4.41 and 9.03 kg force. Soybean samples from Mississippi had higher firmness
and elasticity of pressed tofu than other two locations. Soybean samples from Virginia had the
highest value of elasticity of pressed tofu over two years. According to Table 4.5, the yield of
pressed tofu negatively correlated with hardness. According to Tables I and II in Appendix A,
genotype, location and year significantly affected the firmness of filled tofu, implying that
environment (location and year) and genotype had a significant influence on the firmness of
filled tofu products. The largest portion of the variation in the interaction of these three factors
also significantly affected filled tofu firmness. In addition, genotype and location had stronger
effect on filled tofu firmness than year. For the pressed tofu texture, all of tofu quality parameters
(hardness, brittleness and elasticity) significantly varied from genotype, location, year and their
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interactions. Location effect was not as strong as genotype and year effect on the brittleness of
pressed tofu. The effect of genotype, location, year and their interactions had significant effect
on the yield of pressed tofu. In addition, year and genotype effect was stronger than location. A
discovery from Wang et al. (1983) demonstrated that genotype played a significant part in tofu
yield and tofu hardness within similar environment conditions. Poysa et al. (2006) in Canada
reported that location effects were generally non-significant for most tofu quality parameters,
which was different from our results. The discrepancies might be fewer sample size and different
tofu processing method on their experiments. Another reason might be that three locations they
selected were in the same province. The distance of three locations was not as far as what we
selected. However, similar to our results, Poysa et al. (2006) found that genotype always had
strong and significant effects on tofu texture.
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Table 4.1

Firmness (gf/cm2) of filled tofu over 17 soybean lines from three locations in 2017
Firmness of filled tofu (gf/cm²)

Code No.
MS-01

MO
157.24±5.85a

MS
135.65±3.77a

VA
133.8±4.22a

MS-03

144.84±3.28b

128.40±5.08b

133.27±3.76a

MS-04

104.40±5.79de

91.08±4.58hi

87.76±3.40h

MS-05

94.39±4.33fg

93.68±5.03gh

93.64±3.85g

MS-06

89.76±4.27gh

81.03±4.80kl

105.55±3.30cd

MS-07

104.67±7.98de

100.82±4.90ef

99.94±3.28ef

MS-08

103.48±8.99de

87.43±6.33ij

88.40±3.05h

MS-09

91.27±4.71gh

100.03±3.57ef

96.94±4.10fg

MS-11

109.43±9.62d

112.04±6.75c

99.10±6.02f

MS-12

125.30±5.73c

94.44±4.52gh

93.90±2.58g

MS-13

99.60±9.20ef

82.05±4.17jkl

106.73±3.04bc

MS-14

83.83±7.32h

86.50±4.53ijk

85.09±4.15h

MS-15

84.85±5.77h

87.99±3.30i

87.14±2.35h

MS-17

105.37±7.38de

109.71±4.31cd

110.89±6.16b

MS-19

129.61±6.00c

104.39±2.01de

103.62±3.34cde

MS-21

89.66±10.07gh

101.49±3.56ef

88.31±4.83h

MS-22

90.23±7.50gh

100.54±5.07ef

85.25±3.80h

Mean
106.3a
99.8c
101.3b
Each line was made into filled tofu products in duplicate, and each replicate was analyzed 8 times by Texture
Analyzer. Means within a column followed by different letters are significantly different (p＜0.05).
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Table 4.2

Firmness (gf/cm2) of filled tofu over 17 soybean lines from three locations in 2018.
Firmness of filled tofu (gf/cm²)

Code No.
MS-01

MO
141.57±5.80a

MS
139.59±4.99a

VA
137.45±2.55a

MS-03

136.55±4.63a

128.45±5.07b

NA

MS-04

93.05±0.85def

84.21±5.00k

NA

MS-05

97.85±2.61cd

93.26±6.43hi

100.76±2.05def

MS-06

89.54±4.96ef

85.34±4.23jk

103.66±3.77d

MS-07

110.54±8.88b

100.82±4.90def

95.04±4.43fgh

MS-08

95.99±1.67cde

95.78±3.47ghi

90.19±2.19hi

MS-09

95.64±1.45cde

107.22±5.66de

99.46±4.72defg

MS-11

100.16±1.44c

109.32±3.14d

94.05±2.88ghi

MS-12

109.84±0.77b

94.02±4.53hi

101.08±4.98de

MS-13

97.01±4.29d

82.05±4.17fgh

109.97±6.57c

MS-14

88.77±2.16f

86.50±4.53ij

91.48±5.60hi

MS-15

100.77±4.42c

96.02±4.66ghi

97.62±3.04efg

MS-17

113.70±8.76b

120.11±4.31c

129.44±8.41b

MS-19

115.40±0.32b

107.63±5.99de

105.24±3.36cd

MS-21

99.84±0.18cd

97.84±6.18gh

94.75±4.23gh

MS-22

90.29±3.28ef

101.69±5.41efg

88.64±2.81i

Mean

104.2a

103.2ab

102.6b

Each line was made into filled tofu products in duplicate. Each replicate was analyzed 8 times by Texture Analyzer.
Means within a column followed by different letters are significantly different (p＜0.05).
Note: MS-3 and MS-4 from Virginia had low yield and bad seed surface quality. They were not enough to make
filled tofu in 2018.
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Table 4.3

Texture analysis and yield of pressed tofu over 17 soybean lines from three locations in 2017

MS

Brittleness (kg force)
MO
VA

MS

Texture profile analysis
Firmness (kg force)
MO
VA

MS

Elasticity (%)
MO

Yield
(g/100 g soybean)
VA

MS

MO

VA

MS-1

3.51±0.20a

3.57±0.21a

3.16±0.41a

8.28±0.63a

9.03±0.22a

8.13±0.18a

42.25±2.00a

45.05±2.09a

46.27±2.41a

234.4±7.4gh

249.0±6.0f

239.8±4.7h

MS-3

3.28±0.31ab

3.05±0.16b

NA

8.12±0.26ab

7.90±0.12b

NA

41.29±2.22ab

40.46±2.29b

NA

240.4±5.7fgh

248.7±4.6f

NA

MS-4

2.05±0.23fg

2.02±0.30fg

1.71±0.13j

5.24±0.49g

5.14±0.35h

5.44±0.06e

32.46±2.18c

23.99±1.79i

30.10±2.69e

277.9±1.1cd

275.0±5.7cde

251.0±6.8fgh

MS-5

2.04±0.17fg

2.34±0.33ef

2.44±0.18defg

6.41±0.38def

6.81±0.24cd

6.37±0.33d

26.28±2.67efg

32.51±1.70de

29.18±1.91ef

248.8±15.6efg

269.0±0.4cde

252.7±8.2efgh

MS-6

1.53±0.03hi

1.57±0.23h

h
2.20±0.02ghi

4.53±0.44h

5.39±0.37g

5.48±0.39e

19.68±3.24h

f
25.80±3.39hi

g
34.28±0.91d

h
333.1±10.6a

296.0±7.4a

316.9±7.1a

MS-7

2.73±0.22cd

3.00±0.19bc

2.69±0.11bcde

7.82±0.41ab

h
7.81±0.43b

7.42±0.12b

31.62±3.12cd

41.57±0.84b

42.35±0.83b

275.4±9.9cde

277.1±17.3bcd

259.1±4.6defgh

MS-8

e
2.86±0.06cd

2.87±0.49bc

2.75±0.20bcd

c
7.42±0.17c

7.21±0.21c

c
7.20±0.22b

36.91±2.42b

37.29±0.65c

38.41±1.63c

258.8±8.5defg

e
268.7±15.9cde

265.6±6.2bcdef

MS-9

2.04±0.15fg

d
2.56±0.07cde

2.51±0.14defg

6.26±0.13def

6.53±0.34de

6.32±0.49d

25.71±1.94fg

30.23±1.79fg

32.64±2.21de

266.9±2.8cdef

281.3±3.2abcd

g
276.2±10.8bcde

MS-11

3.03±0.17bc

2.84±0.10bc

2.87±0.21abc

7.25±0.24c

6.94±0.13cd

7.30±0.22b

37.58±4.73ab

33.70±1.24de

34.53±3.39d

247.7±6.4efgh

294.0±12.4ab

287.3±9.8b

MS-12

3.32±0.11ab

d
1.83±0.17gh

2.57±0.13cdef

7.57±0.16bc

5.95±0.22f

c
5.59±0.40e

24.89±0.37fg

24.32±1.09i

25.90±3.29fg

275.6±11.7cde

271.0±4.6cde

262.9±7.4cdefg

MS-13

3.32±0.10ab

2.46±0.16def

2.46±0.09defg

7.57±0.29bc

6.21±0.49ef

7.20±0.11c

38.83±2.72ab

32.39±1.64de

28.96±1.42ef

267.5±15.2cdef

279.0±6.7abcde

h
282.9±19.9bcd

MS-14

2.62±0.15de

2.29±0.26efg

h2.35±0.25efghi

7.33±0.41c

6.95±0.25cd

6.95±0.35c

27.92±1.55cdef

f28.71±1.09gh

g
31.79±1.62de

235.8±31.8gh

262.1±2.5ef

249.4±6.2fgh

MS-15

1.82±0.27ghi

2.28±0.35efg

2.03±0.28ij

5.82±0.14efg

6.12±0.30ef

6.27±0.17d

g
24.94±2.49fg

35.40±2.27cd

30.49±2.08e

266.3±8.8cdef

273.5±9.9cde

265.2±5.7bcdef

MS-17

2.12±0.35fg

2.82±0.31bc

NA

5.79±0.26fg

6.25±0.30ef

NA

28.82±3.42cdef

30.53±1.44ef

NA

270.8±5.7cde

285.4±16.3abc

g
NA

MS-19

1.86±0.48gh

d
2.21±0.20efg

2.28±0.26fghi

6.50±0.23d

7.81±0.30b

7.27±0.22c

29.16±3.15cdef

g
32.95±1.82de

34.65±1.85d

271.9±24.7cde

275.6±9.5cde

285.6±2.5bc

MS-21

3.06±0.21bc

NA

3.04±0.18ab

7.80±0.39ab

NA

7.81±0.55a

38.04±2.69ab

f
NA

40.95±1.27bc

248.8±15.6efg

NA

260.6±3.5defgh

MS-22

2.57±0.04de

NA

NA

c
6.46±0.17de

NA

b
NA

30.75±2.21cde

NA

NA

h
286.8±5.4bc

NA

NA

Mean

2.6a

2.5a

2.5a

6.8a

6.8a

6.8a

33.0b

31.6c

34.3a

265.1b

273.7a

268.2b

Each line was made into pressed tofu products in duplicate. Each replicate was analyzed 4 times by Texture Analyzer.
Means within a column followed by different letters are significantly different (p＜0.05).
Note: MS-21 (Missouri, 2017) and MS-22 (Missouri and Virginia, 2017) had low yield and were not enough to make pressed tofu.
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Table 4.4

Texture analysis and yield of pressed tofu for 17 soybean lines from three locations in 2018

Code
NO.
MS

Brittleness (kg force)
MO
VA

MS

Texture profile analysis
Firmness (kg force)
MO
VA

MS

Elasticity (%)
MO
VA

Yield
(g/100 g soybean)
MS

MO

VA

MS-1

3.43±0.18a

2.62±0.24bc

NA

7.96±0.08a

7.33±0.33a

NA

40.28±2.08a

33.58±1.36b

NA

283.1±4.4e

261.3±2.4j

NA

MS-3

3.39±0.02a

3.42±0.38a

NA

7.82±0.19a

7.57±0.17a

NA

40.81±1.07a

35.88±1.96a

NA

270.8±3.3e

268.3±3.5ij

NA

MS-4

1.90±0.10hi

1.54±0.09h

NA

5.89±0.50hgi

4.78±0.14j

NA

25.67±0.39fgh

20.20±0.74h

NA

321.2±3.3bc

328.1±6.5abc

NA

MS-5

2.34±0.11ef

2.13±0.26efg

1.82±0.07de

6.29±0.28def

6.13±0.28ef

5.76±0.13ef

30.32±0.70cd

26.12±0.98ef

26.66±0.72de

299.6±7.1d

304.6±6.0defg

331.5±9.8bc

MS-6

1.52±0.03k

1.60±0.16h

1.73±0.05e

4.79±0.19

5.29±0.14i

5.46±0.33fgh

23.81±1.32hi

22.19±0.89gh

25.52±2.94e

344.6±13.6a

340.2±4.1a

352.1±11.2a

MS-7

2.13±0.10g

1.90±0.04g

2.19±0.18b

6.60±0.30cde

6.51±0.16cd

6.68±0.16b

31.53±1.00bc

29.91±1.56c

30.44±1.14b

313.7±15.5cd

318.3±7.9cde

326.5±1.6bcd

MS-8

1.78±0.09ij

1.57±0.11h

2.33±0.10b

6.27±0.25defg

5.16±0.06i

5.88±0.22de

28.90±3.29de

22.19±0.36gh

22.80±0.44f

300.0±2.2d

292.9±3.0gh

318.3±5.2cde

MS-9

1.65±0.08jk

1.95±0.08g

1.89±0.05cde

7.19±0.32b

5.75±0.26gh

6.67±0.14b

26.13±0.68fg

26.65±1.29e

27.62±1.03cde

273.3±10.6e

280.4±12.0hi

278.5±9.2h

MS-11

2.95±0.09b

2.14±0.12efg

2.79±0.14a

6.62±0.18cde

6.09±0.13ef

6.24±0.18cd

28.62±0.44de

29.07±0.76cd

28.15±1.06cd

344.8±11.7a

336.3±9.5ab

287.5±5.2gh

MS-12

2.62±0.09cd

2.36±0.21cde

2.65±0.12a

5.84±0.16hi

6.35±0.19

5.36±0.16gh

23.17±1.38i

30.51±2.15c

26.01±1.56e

313.1±4.9cd

312.3±12.5cdef

310.8±5.4def

MS-13

2.72±0.13c

2.48±0.15bcd

2.08±0.04bcd

6.96±0.19bc

6.37±0.21cde

6.90±0.12b

27.90±0.42ef

26.44±1.57e

28.82±1.37bc

306.0±5.2cd

312.1±6.3cdef

293.3±11.7fgh

MS-14

2.47±0.21de

2.05±0.10fg

2.32±0.03b

5.52±0.27i

5.11±0.14i

5.09±0.13h

24.17±1.08ghi

21.57±1.30gh

22.64±1.07f

331.7±6.3ab

340.2±9.5a

339.8±11.2ab

MS-15

2.04±0.07gh

2.35±0.14cdef

2.17±0.23bc

6.66±0.23cd

6.04±0.17fg

6.53±0.19bc

29.14±0.74de

27.46±0.71de

30.57±1.48b

320.6±5.2bc

319.8±7.9bcd

327.1±3.5bcd

MS-17

2.19±0.12fg

2.45±0.28cd

2.35±0.13b

7.21±0.13b

6.84±0.11b

7.36±0.35a

30.70±1.77cd

30.35±1.19c

33.72±0.87a

299.8±6.3d

298.1±9.8fg

294.0±7.3fgh

MS-19

1.91±0.08hi

2.18±0.17defg

2.13±0.10bc

7.06±0.10b

6.66±0.11bc

6.62±0.11bc

33.50±1.99b

28.99±0.76cd

34.85±0.87a

309.8±2.4cd

298.8±7.1fg

307.1±9.5ef

MS-21

2.92±0.15b

2.76±0.08b

2.21±0.41b

6.25±0.18efg

5.74±0.15h

5.91±0.32de

24.56±0.66ghi

24.23±1.10fg

26.34±0.47de

301.5±4.4d

311.3±6.8cdef

311.7±5.7def

MS-22

2.66±0.12c

2.62±0.12bc

2.67±0.11a

5.97±0.10fgh

6.13±0.07ef

5.70±0.18efg

27.41±1.20ef

26.89±0.71e

22.87±0.32f

307.7±5.4cd

301.3±15.0efg

297.1±4.1fg

Mean

2.4a

2.2b

2.2b

6.5a

6.1b

6.1b

29.2a

27.2b

27.6b

308.3b

307.3b

312.5a

Each line was made into pressed tofu products in duplicate. Each replicate was analyzed 4 times by Texture Analyzer. Means within a column followed by
different letters are significantly different (p＜0.05).
Note: MS-1, MS-3 and MS-4 from Virginia had low yield and were not enough to make pressed tofu in 2018.
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Table 4.5

Correlation coefficient (r value) between tofu yield and tofu firmness over 17
soybean lines from three locations in two years

Correlation
Filled tofu
(r value)
Yield
NA
N (Genotype) = 17; N (location) = 3; N (year) = 2.
Significance at 0.001 was marked as ***
Significance at 0.01 was marked as **
Significance at 0.05 was marked as *

4.2

Pressed tofu
- 0.78***

Environmental impact on soy protein composition and correlation analysis between
protein components and tofu texture.
Protein composition and molecular mass distribution were shown in Figures 4.1. Gel

scans after SDS-PAGE were used to calculate and determine the protein and subunit composition
in soybean seeds. The protein subunit composition was shown in Tables 4.6-4.11 for each
location in two years. The range of 7S protein concentration was from about 16% to 32%. 11S
protein content was from about 33% to 48%. (7S+11S) content from soybean samples ranged
from about 53% to 76%. The 11S/7S ratio in soybean from three locations ranged from 1.2 to
2.4. The A3 subunit content ranged from about 1.3% to 5.5%. According to Table 4.12, Virginia
always had the highest total protein content and 7s protein content in both two years. The 11S
and A3 content of soy protein from Mississippi was higher than that from other two locations in
two years. The total (7S+11S) protein content from Virginia and Mississippi was always higher
than that from Missouri in both two years. According to Tables I and IV, the effect of location,
genotype and their interactions had a significant influence on all of the soybean storage proteins
(7S, 11S, 7S+11S, 11S/7S ratio) and A3 subunits. The content of 7S protein, 11S protein and
7S+11S protein as well as 11S/7S ratio did not significantly vary in different years. However,
year effect had significant influence on total protein content and A3 subunit content. Smith et al.
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(1960), Maestri et al. (1998) and Copper et al. (1997) found that soybean seeds planted in
different locations could produce the different protein compositions in the same varieties.
Genotype, location, and year effects all played a significant role in reflecting soy protein
differences. According to the Figure 4.3 and Table 4.13, both filled and pressed tofu firmness
was strongly correlated with A3 subunit content (r = 0.82 and 0.83 respectively, p < 0.001).
According to Table 4.14, correlation between tofu firmness and A3 subunit was also existed from
single location in one year, implying that A3 was indeed an influential protein subunit for tofu
texture for all location. Poysa et al. (2006) demonstrated that A3 made a major influence on tofu
texture, and found that A3-deficient protein from soybeans could not coagulate sufficiently to
form tofu. More recently, our laboratory had a similar finding (Meng and Chang, 2015). We
found that A3 peptide could be used as a criterion to predict tofu firmness. Total protein content
and 7S content did not show significant correlations with tofu firmness by Pearson Correlation
model. The result of total protein correlation with tofu firmness was not the same as our previous
finding in which total protein content significantly influenced the tofu firmness (Meng and
Chang, 2015). It might be due to that 17 soybean lines we selected all had high protein content.
Saio et al. (1969) reported that purified 7S content in soy protein did not play a role in tofu gel
coagulation. However, opposite findings were verified by other researchers (Utsumi and
Kinsella, 1985), who showed that purified 7S protein isolates could make firmer gelation than
11S protein. Our present study showed that 11S protein content in soybean seeds had a
correlation with both filled and pressed tofu firmness (r = 0.70 and 0.53, respectively, p < 0.05).
11S/7S ratio only correlated with filled tofu firmness (r = 0.47, p < 0.05). Saio et al. (1969)
found that 11S purified protein isolates affected more on gel formation than 7S protein isolates.
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However, tofu products are not like gel made from purified soy protein isolates. Tofu is
traditionally made from soymilk, which contains many other constituents such as lipids, sugars,
phytate, minerals, phenolic components and others, The gelation mechanism is much more
complex than that demonstrated by research using purified soy proteins. This can explain the gel
texture differences between tofu made by soymilk and gels made from purified protein isolates.
Cai and Chang (1999) and Mujoo et al. (2003) found both 11S protein and the 11S/7S ratio
positively correlated with the firmness of tofu products. However, Skurray et al. (1980) had an
opposite conclusion, they stated that no significant correlations between the 11S/7S ratio and the
texture of tofu. Firmness and A3 subunit content were both observed to negatively correlate with
the yield of pressed tofu (r = - 0.61, p < 0.05). Our previous study (Cai and Chang, 1999)
supported that tofu firmness negatively related to the yield.
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Table 4.6

Protein profile over 17 soybean lines from Missouri in 2017

Code
No.

Total
protein (%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(% of TSP)

MS-1

42.8±1.23bc

21.43±2.74efg

39.09±2.36cde

60.53±4.42bcdef

1.84±0.21bc

2.71±0.20abc

MS-3

41.8±1.57c

23.91±0.51cd

38.00±2.82cdef

61.91±3.33bcdef

1.59±0.08defgh

2.15±0.22cde

MS-4

43.3±2.02b

26.30±0.67ab
ef

42.78±0.80abc

69.09±1.29ab

1.63±0.04cdefg

2.17±0.04cd

MS-5

40.3±1.03d

26.73±3.03ab
cd

46.31±2.35a

73.04±4.53a

1.75±0.19cd

2.02±0.12de

MS-6

42.2±0.85bc

25.47±1.50ab
cd

41.35±2.69abcd

66.82±4.10abcd

1.62±0.04cdefg

1.89±0.06def

MS-7

43.5±0.87b

23.10±3.04def
cde

45.65±2.96ab

68.75±6.00ab

1.99±0.13b

2.17±0.08cd

MS-8

45.0±0.68a

28.01±2.60ab
g

39.23±4.12dce

67.24±6.72abcd

1.40±0.02ghi

2.23±0.18bcd

MS-9

39.6±0.45e

25.33±2.46ab
c

41.24±1.56bcd

66.57±4.02abcd

1.63±0.10cdefg

1.93±0.04def

MS-11

41.3±0.66cd

26.30±0.92ab
cde

41.94±0.13abc

68.24±0.79abc

1.60±0.06defgh

2.69±0.12abc

MS-12

41.1±1.67cd

29.05±0.68a
cd

39.68±1.33dce

68.73±2.01ab

1.37±0.01hi

3.07±0.09a

MS-13

39.5±1.71e

19.92±2.04fgh

33.13±2.33f

53.05±4.37f

1.67±0.05cdef

1.28±0.66gh

MS-14

40.5±0.91d

28.51±0.42ab

34.98±0.97ef

63.50±0.56bcde

1.23±0.05i

1.83±0.04defg

MS-15

39.9±0.65e

21.44±1.92efg

36.89±1.81def

58.33±3.73def

1.72±0.07cde

1.83±0.12defg

MS-17

42.2±0.65bc

16.09±1.38h

38.94±0.59dce

55.03±0.78ef

2.43±0.24a

1.42±0.65fgh

MS-19

41.9±1.23c

26.31±3.18ab

39.38±1.12dce

65.68±4.31abcd

1.51±0.14efgh

2.79±0.08ab

MS-21

41.6±1.38c

24.78±5.30ab
cd

34.85±5.08ef

59.38±10.75cdef

1.44±0.12fghi

1.86±0.06def

MS-22

41.6±1.32c

24.81±3.02ab
cde

36.87±6.38def

61.68±9.41bcdef

1.48±0.08fgh

1.89±0.57def

cde by different letters are significantly different (p＜0.05).
Means within a column followed
TSP: total soluble protein
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Table 4.7

Protein profile in 17 soybean lines from Mississippi in 2017

Code
No.

Total
protein
(%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(% of TSP)

MS-1

44.9±1.20ab

26.45±0.31bcde

46.26±2.31ab

72.71±2.62ab

1.75±0.07bcd

5.08±0.01ab

MS-3

45.3±1.12a

24.72±0.75defg

47.63±1.78a

72.35±1.03abc

1.93±0.13ab

5.47±0.13a

MS-4

44.4±1.28b

27.66±0.17abcde

41.38±2.80defg

69.03±2.64abcde

1.50±0.11efgh

4.01±0.14fghi

MS-5

43.9±0.79b

24.92±0.72cdefg

41.59±4.36cdefgh

66.51±5.08bcdef

1.66±0.12cde

4.39±0.07cdefg

MS-6

43.0±0.58c

22.26±1.54fg

37.82±1.11h

60.08±2.65f

1.70±0.07bcde

3.75±0.09hi

MS-7

44.3±0.99b

25.27±2.38cdef

42.18±0.49bcdefg

67.45±1.89abcde

1.68±0.18cde

4.72±0.25bc

MS-8

43.8±0.97bc

27.80±2.31abcd

39.40±1.55gh

67.20±3.87bcde

1.42±0.06fgh

4.65±0.09bcde

MS-9

41.0±1.28e

26.07±0.26bcde

39.20±0.81gh

65.27±0.55def

1.51±0.05efgh

4.67±0.19bcd

MS-11

41.9±1.37d

26.29±1.47bcde

40.57±3.44fgh

66.85±4.91bcde

1.54±0.05defgh

4.49±0.12cdef

MS-12

42.5±1.20cd

29.68±0.87ab

41.17±0.86efgh

70.85±0.01abcd

1.39±0.07gh

3.86±0.29ghi

MS-13

41.3±0.66e

27.10±5.19abcde

40.37±2.10fgh

67.47±7.29abcde

1.51±0.21efgh

4.15±0.50defghi

MS-14

41.1±0.42e

30.45±0.30a

42.34±1.40bcdefg

72.79±1.69ab

1.39±0.03gh

4.64±0.23bcde

MS-15

42.4±0.25cd

28.56±0.62abc

45.37±0.07abcd

73.93±0.54a

1.59±0.04defg

3.65±0.45i

MS-17

43.6±0.58bc

21.37±1.68g

44.89±1.74abcde

66.26±0.06bcdef

2.11±0.25a

4.09±0.36efghi

MS-19

43.4±0.04bc

24.06±2.37efg

45.54±0.61abc

69.59±1.75abcde

1.90±0.21abc

4.83±0.46bc

MS-21

43.7±0.16bc

28.02±1.29abcd

41.84±1.40cdefgh

69.87±2.69abcde

1.49±0.02efgh

5.15±0.06ab

MS-22

43.0±0.18c

27.87±0.33abcd

43.64±0.78abcdef

71.50±1.11abcd

1.57±0.01defgh

3.97±0.19fghi

Means within a column followed by different letters are significantly different (p＜0.05).
TSP: total soluble protein
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Table 4.8

Protein profile in 17 soybean lines from Virginia in 2017

Code
No.

Total
protein
(%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(% of TSP)

MS-1

42.5±0.74

26.65±2.12def

48.07±2.63a

74.71±4.66ab

1.82±0.06ab

3.99±0.13a

MS-3

45.1±1.23b

25.82±0.87efg

44.59±1.73bc

70.41±1.91cd

1.73±0.09bc

3.80±0.08a

MS-4

45.1±1.27b

26.26±0.60defg

42.84±0.83bcde

69.10±1.29defg

1.64±0.03cdef

2.82±0.16cd

MS-5

42.7±1.53de

25.19±1.95fgh

40.18±1.90fghi

65.36±3.54gh

1.60±0.09defg

2.81±0.21cd

MS-6

43.5±0.87d

24.22±1.32ghi

40.54±1.75efgh

64.75±2.75h

1.68±0.07cde

2.44±0.30e

MS-7

46.1±0.62a

25.74±0.49efg

45.17±1.93b

69.91±3.98cd

1.77±0.10bc

3.23±0.14b

MS-8

46.0±0.89a

25.32±0.92efgh

38.13±2.04ij

63.44±1.37h

1.51±0.13fgh

3.08±0.12bc

MS-9

43.2±0.81d

25.70±0.94feg

39.88±0.92ghi

65.58±1.63fgh

1.55±0.05efgh

3.04±0.21bc

MS-11

43.2±0.56d

25.53±1.31fg

38.32±0.75ij

63.84±2.00h

1.50±0.05gh

3.11±0.39bc

MS-12

42.3±1.22e

28.19±1.84bcd

42.88±1.82bcde

70.57±3.21bcd

1.53±0.09fgh

2.84±0.51cd

MS-13

40.5±1.02g

31.52±1.15a

41.92±1.11defg

73.44±1.80abc

1.33±0.05i

3.11±0.06bc

MS-14

41.7±0.50f

31.14±2.36ab

44.70±1.04bc

75.84±2.16a

1.44±0.13hi

3.07±0.07bc

MS-15

41.5±0.42f

26.45±2.05def

42.85±1.57bcde

69.30±2.16def

1.63±0.13ef

2.44±0.14e

MS-17

43.9±1.57cd

22.89±1.66i

43,62±3.00bcde

66.51±4.62efgh

1.91±0.04a

3.16±0.14b

MS-19

44.2±1.32c

29.13±1.81bc

44.37±0.60bcd

73.50±2.21abc

1.53±0.09fgh

3.70±0.18a

MS-21

43.5±1.00d

27.38±1.73cde

42.42±2.37cdef

69.80±3.86cde

1.55±0.07efgh

3.26±0.11b

MS-22

43.4±1.89d

26.48±0.39def

39.73±2.85ghi

66.21±2.65efgh

1.50±0.12gh

2.60±0.10de

Means within a column followed by different letters are significantly different (p＜0.05).
TSP: total soluble protein
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Table 4.9

Protein profile in 17 soybean lines from Missouri in 2018

Code
No.

Total
Protein
(%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(% of TSP)

MS-1

43.0±0.89bc

24.93±1.20cdefg

44.19±0.52a

69.12±1.72abc

1.78±0.06ab

3.54±0.06a

MS-3

44.6±0.83a

23.94±0.29gh

41.52±0.15bc

65.46±0.44def

1.74±0.01bc

3.33±0.10b

MS-4

41.4±0.27e

24.59±0.53defgh

40.87±0.063c

65.48±0.48def

1.66±0.04cde

2.12±0.12i

MS-5

43.5±0.05b

24.39±0.62fgh

40.78±0.79cd

65.18±0.17def

1.67±0.07cd

2.56±0.06ef

MS-6

40.7±0.43 f

25.34±1.29cdef

41.25±0.68bc

66.58±1.96cde

1.63±0.05def

2.25±0.09hi

MS-7

43.5±0.95ba

23.46±0.46h

41.61±0.12bc

65.08±0.59def

1.78±0.03ab

2.25±0.01hi

MS-8

43.0±0.46bc

27.12±1.00b

40.04±0.52cde

67.16±0.49bcde

1.48±0.07hi

2.59±0.09e

MS-9

41.9±0.88d

24.57±0.81efgh

41.06±0.30c

65.63±0.51def

1.67±0.07cd

2.38±0.08gh

MS-11

41.3±0.54e

25.45±0.92cdef

42.92±0.95ab

68.37±1.87abc

1.69±0.02cd

3.12±0.15c

MS-12

40.9±0.57ef

27.32±1.22b

43.51±0.91a

70.86±2.17a

1.59±0.04ef

2.77±0.07d

MS-13

40.5±0.28f

25.89±1.12c

40.95±1.33c

66.84±2.45cde

1.58±0.02fg

1.93±0.10j

MS-14

40.2±0.31 f

29.38±1.00a

40.07±1.72cde

69.44±0.71ab

1.37±0.11j

2.79±0.11d

MS-15

42.2±0.25cd

25.82±0.06cd

41.58±1.17bc

67.39±1.24bcd

1.61±0.04def

2.79±0.17d

MS-17

42.7±0.78 c

21.86±0.63i

39.97±0.07cde

61.82±0.70gh

1.83±0.05a

2.41±0.06fg

MS-19

42.4±0.71c

24.69±0.81cdefgh

39.04±0.49de

63.73±1.30fg

1.58±0.03fg

3.45±0.04ab

MS-21

42.3±1.23 c

25.03±0.47cdefg

35.28±0.39f

60.31±0.08h

1.42±0.06ij

2.61±0.22e

MS-22

43.6±1.29b

25.78±0.92cde

38.89±0.27e

64.67±0.65ef

1.51±0.06gh

2.69±0.06de

Means within a column followed by different letters are significantly different (p＜0.05).
TSP: total soluble protein
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Table 4.10

Protein profile in 17 soybean lines from Mississippi in 2018

Code
No.

Total
Protein (%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(% of TSP)

MS-1

43.1±1.27b

23.85±0.42ghi

42.64±1.68abcde

66.29±2.38cde

1.79±0.04bc

3.98±0.08a

MS-3

42.7±2.21b

24.13±0.49

44.72±0.57a

68.85±0.07abcd

1.85±0.06ab

3.85±0.09ab

MS-4

41.8±1.55c

25.81±0.06cdef

42.29±0.92abcdef

68.09±0.85bcde

1.64±0.04def

2.94±0.13j

MS-5

42.5±1.56bc

25.05±0.92efg

42.93±0.11abcd

67.98±1.03cde

1.71±0.06cde

3.12±0.03hij

MS-6

41.1±1.31d

23.22±0.35hi

39.51±1.18f

62.73±1.53f

1.70±0.02cdef

3.46±0.16def

MS-7

46.9±0.58a

24.70±0.43fgh

43.08±1.03abcde

67.77±1.46cde

1.75±0.01bcd

3.60±0.26bcde

MS-8

42.8±0.82b

26.45±0.68bcde

42.75±0.89abcde

69.20±0.21abc

1.62±0.08efg

3.65±0.12bcd

MS-9

42.8±0.44b

25.12±1.33efg

40.76±1.56cdef

65.88±2.88cdef

1.64±0.04def

3.42±0.11defgh

MS-11

39.5±0.49g

25.23±0.29defg

40.02±2.45def

65.25±2.75ef

1.59±0.08fg

3.15±0.10ghij

MS-12

40.2±0.83f

28.38±0.75a

40.44±1.58cdef

68.82±0.83abcd

1.43±0.09h

3.21±0.14fghij

MS-13

39.0±0.77h

27.14±1.40abc

39.86±0.71ef

67.00±0.71cde

1.46±0.08h

3.35±0.18efghi

MS-14

40.0±0.64f

27.78±1.71ab

43.84±1.13ab

71.62±2.84a

1.58±0.06fg

3.06±0.08ij

MS-15

40.0±1.53f

26.51±0.45bcde

42.01±1.30abcdef

68.52±1.75abcde

1.59±0.02fg

3.33±0.06efghi

MS-17

41.5±1.42cd

22.32±0.47i

43.31±1.85abc

65.63±2.33def

1.94±0.04a

3.36±0.08cde

MS-19

41.2±1.01d

24.35±0.37fgh

40.82±0.64bcdef

65.16±0.26ef

1.68±0.05cdef

3.71±0.15abcd

MS-21

41.1±0.62d

27.27±0.40abc

41.31±1.15bcdef

68.58±0.74abcde

1.52±0.06gh

3.76±0.06abc

MS-22

40.5±0.43e

26.89±0.95abcd

44.62±0.04a

71.50±0.99ab

1.66±0.06def

3.44±0.09defg

Means within a column followed by different letters are significantly different (p＜0.05).
TSP: total soluble protein
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Table 4.11

Protein profile in 17 soybean lines from Virginia in 2018

Code No.

Total
Protein (%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(%of TSP)

MS-1

42.7±1.32ab

24.53±0.84de

44.86±0.31a

69.39±1.15ab

1.83±0.05b

4.16±0.06a

MS-3

NA

NA

NA

NA

NA

NA

MS-4

NA

NA

NA

NA

NA

NA

MS-5

42.8±1.38ab

26.48±0.71cd

41.95±0.20bcd

68.42±0.91bcd

1.59±0.04de

3.11±0.08f

MS-6

41.0±1.57c

24.69±0.27e

40.85±0.10bcde

65.54±0.17def

1.66±0.02cd

2.83±0.12g

MS-7

41.3±2.02c

24.69±0.82e

42.21±0.71bc

66.89±1.53cde

1.71±0.03c

3.43±0.05cd

MS-8

43.4±0.54a

26.93±0.30bc

40.57±2.03cde

67.49±2.32cde

1.51±0.06fg

3.09±0.10f

MS-9

40.8±0.32cd

24.80±0.78e

39.67±2.33ef

64.46±3.11efg

1.60±0.04de

3.33±0.08de

MS-11

42.9±0.08a

25.75±0.70cde

39.88±0.15def

65.63±0.55def

1.55±0.05ef

3.47±0.09c

MS-12

42.2±0.47b

29.21±0.58a

40.11±2.36cdef

69.32±2.94bc

1.37±0.05ij

2.99±0.12f

MS-13

41.0±0.33c

27.86±1.18b

40.38±0.08cde

68.25±1.10bcd

1.45±0.06ghi

3.38±0.02cde

MS-14

40.1±1.01d

29.99±1.25a

39.64±0.88ef

69.63±2.13bc

1.32±0.02j

3.27±0.11e

MS-15

42.6±1.23ab

24.90±0.27e

40.02±1.04cdef

64.92±0.77ef

1.61±0.06de

2.66±0.08h

MS-17

43.1±1.43a

21.11±0.68f

40.47±0.94cde

61.58±0.26g

1.92±0.11a

3.63±0.17b

MS-19

42.5±0.99ab

30.12±0.94a

42.99±2.11b

73.11±3.05a

1.43±0.03hi

3.74±0.08b

MS-21

41.9±1.42b

25.81±1.47cde

40.74±0.87bcde

66.56±2.34cde

1.58±0.06def

3.02±0.13f

MS-22

43.4±0.57a

25.25±0.09de

37.93±1.57f

63.18±1.48fg

1.50±0.07fgh

2.78±0.07gh

Means within a column followed by different letters are significantly different (p＜0.05).
TSP: total soluble protein
Note: MS-3 and MS-4 had very low yield and bad seed surface quality. They were not enough for protein analysis.
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Table 4.12

Protein profile averaged by three locations and two years, respectively
Total
protein (%)

7S content
(% of TSP)

11S content
(% of TSP)

11S+7S content
(% of TSP)

11S/7S

A3 content
(% of TSP)

VA

43.41a

26.8a

42.4a

69.2a

1.59a

3.11b

MS

43.13b

26.4a

42.4a

68.8a

1.63a

4.44a

MO

41.65c

24.6b

39.4b

64.0b

1.64a

2.11c

VA

42.07a

26.17a

40.89b

67.05a

1.58c

3.25b

MS

41.57b

25.54b

42.05a

67.58a

1.65a

3.43a

MO

42.23a

25.27b

40.79b

66.06b

1.62b

2.68c

VA

42.8a

26.4a

41.4b

67.8a

1.58b

3.2b

MS

42.4b

26.0b

42.2a

68.2a

1.64a

3.9a

MO

41.9c

25.0c

40.3c

65.4b

1.63a

2.5c

Code No.
2017

2018

Overall

Means within a column followed by different letters are significantly different (p＜0.05).
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Table 4.13

Correlation coefficient (r value) between tofu firmness and total protein, protein
components and the A3 subunit over 17 soybean lines from three locations in two
years

Protein
Total protein
7S
11S
7S+11S
11S/7S
A3

Filled tofu
0.44
-0.38
0.70***
0.05
0.47*
0.82***

Pressed tofu
0.35
-0.12
0.53*
0.15
0.30
0.83***

N (Genotype) = 17; N (location) = 3; N (year) = 2.
Significance at 0.001 was marked as ***
Significance at 0.01 was marked as **
Significance at 0.05 was marked as *

Table 4.14

Correlation coefficient (r value) between tofu firmness and A3 subunit from three
locations in two years respectively

Environment
2017
VA
MS
MO

Filled tofu

Pressed tofu

0.71**
0.67**
0.71**

0.83***
0.69**
0.80***

2018
VA
MS
MO

0.70**
0.69**
0.66**

0.56*
0.54*
0.54*

2017
2018

0.79***
0.84***

0.83***
0.76***

Significance at 0.001 was marked as ***
Significance at 0.01 was marked as **
Significance at 0.05 was marked as *
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Figure 4.1

Gel scan of soy protein pattern by SDS-PAGE.

Soy protein samples were loaded in Lane 1 to Lane 13, except Lane 7 was Molecular Weight
Markers (MS1-7, MS14-22 in 2018 Missouri). Molecular mass is shown beside the markers, 17
lines of soy protein were prepared in duplicate. 11S protein fraction consist of A3, AX and BX, 7S
protein includes a, a’ and b subunits. (A: acidic; B: basic)
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Figure 4.2

Correlation line for the effect on filled and pressed tofu firmness with A3 subunit
content of 17 soybean lines

X-coordinate was described as the mean value of A3 subunit content over 17 soybean genotypes
from three locations in two years, Y-coordinate on the left was described as the mean value of
filled tofu firmness over 17 soybean genotypes from three locations in two years, Y-coordinate
on the right was described as the mean value of pressed tofu firmness over 17 soybean genotypes
from three locations in two years.
4.3

Two-dimensional protein patterns comparison
2-D gel scans were used to verify the protein distribution and some interferences of target

protein in different pH level. 17 soybean lines from three locations in two years were performed
2-DE (Two-dimensional electrophoresis). Each genotype of soy protein from three locations in
two years was extracted and washed in duplicate, the native proteins analyzed in the first
dimension using isoelectric focusing with pH gradient from 3-10, and then SDS-PAGE was
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performed for second dimension analysis to obtain molecular mass distribution. Spots
represented protein subunits, spots areas and intensity represented the content of subunits.
Gagnon et al. (2010) separated soy proteins used for soybean allergens influence to North
American Patients by 2D electrophoresis and Mass spectrometry. Aguilar et al. (2010) used 2DElectrophoresis for characterization of soybean proteins. Based on their studies, MS-1 and MS14 from Missouri in 2018 were selected to compare protein distribution from each other since
they had significant differences of 7S and 11S content as analyzed by SDS-PAGE. According to
Table 4.9, MS-1 had 24.9% of 7S protein and 44.2% of 11S protein. MS-14 had 29.4% of 7S
protein and 40.1% of 11S protein. MS-1 had higher content of 11S protein and lower content of
7S protein than MS-14. According to Figure 4.3, MS-1 also had higher level of 11S protein and
lower content of 7S protein than MS-14 due to spots areas and intensity.
Labels marked as α’, α, β, A3, AX and BX were estimated due to molecular weight, pH
value and other literatures (Gagnon et al., 2010; Aguilar et al., 2010). To conclude, microheterogeneity existed in peptides of the MS-1 and MS-14 proteins due to charge differences of
amino acid residues, which caused the movement of peptides towards their isoelectric points
respectively. However, how the micro-heterogeneity helps improve the protein gelation or other
properties in tofu products remains to be investigated. And two deep spots below α poly peptide
for MS-1 samples from 2018 Missouri were unexpected, more experiments was needed to fully
explain this strange results.
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Figure 4.3

2-D gels for protein subunits of β- conglycinin (11S) and glycinin (7S) in soybean
samples of MS-1 and MS-14 from Missouri in 2018 after isoelectric focusing
(IEF)

Gel A (MS-1) and B (MS-14) describe soy protein distribution by SDS-PAGE after IEF.
Molecular weight marker was loaded on the left lane, each soybean samples was prepared in
duplicate. Spots represent protein subunits, spots areas and intensity represent the content of
subunits. Labels marked are approximate due to Molecular weight, pH level and other literatures
(Gagnon et al., 2010; Aguilar et al., 2010).
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4.4

Overall correlations between protein secondary structure and tofu texture
Seven soybean genotypes from each location in each year were selected to perform

protein secondary structure analysis by Circular Dichroism. MS-1, MS-3 and MS-19 with high
A3 subunit content; MS-8 and MS-9 with medium level of A3 subunit content; and MS-4 and
MS-6 with low A3 subunit content were selected for the analysis. The percentage of α-helix, βturn, β-sheet and random coil was calculated by DichrWeb software in Tables 4.15 and 4.16.
Each soybean sample solution was prepared in duplicate. Each replicate was scanned for 5 times
for data analysis to calculate secondary structures. The percentages of α-helix ranged from 14.3
to 20.1%. The range of β-sheet was from 26.8 to 35.4%. The concentration of β-turn was from
16.3 to 24.2%. The sum of β-sheet and β-turn ranged from 47.0 to 58.0%. Random coil ranged
from 24.5 to 34.1%. Location and year effect did not show significant variations of α-helix, βsheet, β-turn, (β-sheet + β-turn) and random coil. The overall correlation analysis between
protein secondary structure and tofu quality is shown in Table 4.17. The percentage of β-turn and
random coil did not significantly correlate with tofu firmness (p > 0.05). The percentage of αhelix negatively correlated with pressed tofu firmness (r = -0.85, p < 0.05). β-Sheet only
exhibited high correlation with filled tofu hardness (r = 0.76, p < 0.05), but did not show
significant correlations with pressed tofu firmness (p > 0.05). The total (β-sheet + β-turn) value
was highly correlated with both filled and pressed tofu firmness (r = 0.89 and 0.88, respectively,
p < 0.01). Liu et al. (2008) and Fang et al. (2009) reported that both the unfolding of α-helices
and the formation of β-sheets favored the gelation of food proteins. However, no one had
characterized the correlationships between the secondary structures (α-helices, β-sheets, β-turns
and random coil) of original soybean seeds and the gel texture of tofu products. Our current
48

study is the first in the literature to show how protein secondary structure may affect tofu gel
formation. According to Table V in the appendix file, year factor influenced significantly
affected the percentage of α-helix, β-sheet and β-turn. However, year factor did not have
significant variation on random coil and the sum of β-sheet and β-turn. Location and genotype
significantly affected all of protein secondary structures. Genotype always had more significant
effect than location and year.

Table 4.15

Table 4.15.
in 2017

Protein secondary structures of 7 soybean lines from three locations

Protein secondary structure
Helix (%)
Sheet (%)
Turn (%)
Random Coil (%)
18.23±0.46bc
31.65±0.82bc
23.05±1.41abc
27.08±1.77bcde
Missouri
MS-1
20.18±0.57a
29.33±0.79d
20.93±0.83d
29.58±0.98a
MS-3
17.63±0.78cd
33.58±1.65a
22.83±1.02bc
25.98±1.43de
MS-4
16.30±0.75d
32.55±0.77ab 24.43±1.07a
26.73±1.01cde
MS-6
16.48±0.39d
32.18±1.37ab
22.93±0.41bc
28.43±1.86abcd
MS-8
16.45±0.56d
32.28±0.31ab 22.55±1.13bc
28.73±0.33abc
MS-9
19.20±1.38ab
30.58±0.39cd 23.35±0.87ab
26.88±1.90cde
MS-19
19.00±0.14ab
33.40±0.99b
21.80±0.85de
25.80±0.00d
Mississippi MS-1
18.10±0.14bc
32.90±0.42bc 23.70±0.42ab
25.30±0.14d
MS-3
14.60±0.57g
30.40±0.42def 22.25±0.78bcde 32.75±0.21a
MS-4
16.15±0.64def 27.90±0.14g
22.15±0.07cde
33.80±0.71a
MS-6
17.20±0.28cd
29.95±0.21efg
23.25±0.47abcd
29.60±0.42b
MS-8
16.65±0.78de
28.95±0.64fg
22.20±0.85cde
32.20±0.71a
MS-9
19.35±0.78a
30.20±1.27ef
23.55±0.35abc
26.90±0.14cd
MS-19
20.23±0.34a
31.68±0.64a
19.88±0.82ef
28.23±1.44d
Virginia
MS-1
17.78±1.03bc
29.83±0.15bc 18.85±0.61f
33.55±1.13a
MS-3
17.75±0.82bc
31.90±0.78a
21.05±0.71cd
29.30±0.69cd
MS-4
17.43±0.84bcd 27.83±0.36d
21.93±0.69bc
32.83±1.34a
MS-6
16.05±0.24d
31.23±1.31ab
23.20±0.47a
29.53±1.58bcd
MS-8
17.48±0.76bcd 29.60±1.43c
21.70±1.19c
31.23±2.37abc
MS-9
18.30±1.33b
31.70±1.20a
21.53±0.49cd
28.48±2.07d
MS-19
Means within a column followed by different letters are significantly different (p＜0.05).
Location

Code NO.
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Table 4.16

Protein secondary structures of 7 soybean lines from three locations in 2018

Protein secondary structure
Helix (%)
Sheet (%)
Turn (%)
Random Coil (%)
Missouri
MS-1
18.35±0.37a
32.43±1.09b
20.88±1.37b
28.35±2.08b
MS-3
18.25±1.14a
28.75±0.44c
20.50±0.44b
32.50±0.77a
MS-4
16.00±0.81b
33.00±0.61b
22.68±0.68a
28.33±0.62b
MS-6
14.28±0.86c
32.53±0.62b
21.53±0.63ab 31.68±1.31a
MS-8
16.25±0.06b
34.38±1.26a
22.48±0.46a
26.90±1.31b
MS-9
17.00±0.24b
29.90±0.54c
21.70±0.42ab 31.40±0.55a
MS-19
18.23±0.38a
26.78±1.13d
22.13±0.87a
32.88±0.46a
Mississippi MS-1
17.85±0.21b
30.80±0.57ab 22.15±0.64bc 29.20±0.28b
MS-3
17.90±0.42b
31.75±0.49a
21.20±0.57cd 29.20±0.28b
MS-4
15.35±0.64d
27.60±0.42c
19.95±0.64d
37.05±0.92a
MS-6
15.90±0.14cd 30.70±0.71ab 23.00±0.85ab 30.40±1.41b
MS-8
16.60±0.57c
28.85±2.05bc 16.30±0.57e
38.25±0.92a
MS-9
19.30±0.57a
31.55±0.49a
23.05±0.49ab 26.15±0.49c
MS-19
15.85±0.07cd 30.60±0.71ab 23.75±0.35a
29.80±1.13b
Virginia
MS-1
NA
NA
NA
NA
MS-3
NA
NA
NA
NA
MS-4
NA
NA
NA
NA
MS-6
18.50±0.57a
31.85±0.96c
21.83±0.34b
27.83±1.12ab
MS-8
17.10±0.69b
33.28±0.86b
22.28±0.46b
27.35±1.66ab
MS-9
16.00±0.50c
31.48±1.02c
23.95±0.41a
28.58±1.23a
MS-19
17.68±0.69ab 34.68±0.48a
21.65±0.44b
26.00±1.40b
Means within a column followed by different letters are significantly different (p＜0.05).
Note: MS-1, MS-3 and MS-4 in Virginia had very low yield and bad surface quality, they were not enough for CD
analysis.
Location

Table 4.17

Code NO.

Correlation coefficient (r value) between tofu firmness and protein secondary
structure over 7 soybean lines from three locations in two years

Secondary
structure
α-Helix
β-Sheet
β-Turn
β-Sheet+β-Turn

Filled tofu

Pressed tofu

-0.72
0.76*
0.34
0.89**

-0.85*
0.63
0.55
0.88**

N (Genotype) = 7; N (location) = 3; N (year) = 2.
Significance at 0.001 was marked as ***
Significance at 0.01 was marked as **
Significance at 0.05 was marked as *
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4.5

Environmental impact and correlation analysis for calcium and magnesium content
The results of Ca2+, Mg2+ determination are listed in Tables 4.18 and 4.19. Calcium

concentration of soybean seeds ranged from 146 to 262 mg/100 g. Magnesium content of
soybean seeds ranged from 172 to 272 mg/100 g. According to Tables I and VI in appendix file,
Ca2+ and Mg2+ content of soybean seeds had significant variations in different locations or
different years. Genotype also significantly affected the content of calcium and magnesium of
soybean seeds. The concentration of Ca2+ showed weak correlations with filled tofu hardness
according to Table 4.20 (r = 0.50, p < 0.05). However, Ca2+ content did not show correlation
with pressed tofu firmness. This might be due to the fact that CaSO4 was used as coagulant in
pressed tofu making. The content of magnesium ions was not found to correlate with tofu
firmness (p > 0.05). Skurray et al. (1980) and our research (Shih et al., 1999) found texture of
tofu was greatly affected by the amount of calcium coagulant added, but no papers explored the
relationships between calcium or magnesium content in soybean genotypes and their tofu
firmness. More experiments need to be conducted to prove whether the calcium content in the
soybean seeds changed the firmness of tofu or the extent of changes under controlled
environmental conditions that influence the tofu hardness.
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Table 4.18

Calcium and magnesium content (%) of 17 soybean lines from three locations in 2017

MS-1

Missouri
Ca (mg/100g)
Mg2+(mg/100g)
262.16±7.13a
259.10±4.95b

Mississippi
Ca (mg/100g)
Mg2+(mg/100g)
247.88±1.78a
242.73±3.84de

Virginia
Ca (mg/100g)
Mg2+(mg/100g)
217.84±6.24bcd
254.29±7.80b

MS-3

243.47±13.37abc

248.07±5.20bcd

234.64±12.77abc

244.92±0.25cde

225.61±13.07bc

243.17±1.98cd

MS-4

204.60±11.29f

245.71±1.61cde

198.72±11.88hij

229.87±2.23ghi

205.65±9.21defg

242.21±2.85cde

MS-5

205.02±8.91f

244.40±6.44cde

213.43±2.97efgh

245.54±0.12cde

204.60±2.38defg

236.08±8.79defg

MS-6

225.19±2.38cde

248.07±0.74bcd

208.81±2.38fghi

226.98±0.62hij

209.23±7.13def

238.10±2.23def

MS-7

205.44±10.10f

223.65±1.11g

222.67±1.19cdef

256.65±3.47b

230.86±3.86b

231.71±2.10fg

MS-8

231.07±5.35cd

229.95±3.34fg

209.44±7.43efghi

232.58±3.34fgh

219.10±9.80bcd

235.91±10.77defg

MS-9

235.27±12.48bc

230.30±4.33fg

210.49±7.72efgh

237.83±1.11efg

206.92±3.27defg

220.24±1.49h

MS-11

228.76±3.86cd

255.16±8.79bc

246.41±6.24ab

247.73±2.97cd

229.60±9.21b

254.20±3.22b

MS-12

213.22±3.86def

228.99±1.49fg

200.40±4.16ghij

223.13±3.59ij

211.33±5.35cdef

233.11±3.34efg

MS-13

252.92±4.16ab

271.53±0.25a

220.57±9.51cdef

268.29±0.12a

200.82±5.94efg

258.05±2.48ab

MS-14

201.24±1.78f

244.40±0.74cde

213.64±2.08efgh

228.38±3.09j

229.39±4.16b

243.17±1.49cd

MS-15

242.00±16.64bc

238.01±0.87def

225.40±6.83cde

247.81±2.85cd

215.95±11.88bcde

238.01±0.87def

MS-17

209.23±8.32ef

244.22±16.09cde

230.23±4.75bcd

258.49±0.37b

227.92±6.83b

266.37±0.62a

MS-19

200.19±5.64fg

235.99±5.94ef

232.54±2.67abc

242.56±11.02de

194.31±13.37fg

239.67±4.21cdef

MS-21

230.65±6.54cd

258.58±6.19b

194.10±18.42ij

239.06±1.11ef

198.93±7.43fg

248.77±2.72bc

MS-22

203.76±11.88f

244.92±5.94cde

209.65±7.13efghi

243.70±8.17cde

205.23±6.24defg

240.98±5.82cdef

Sample No.

2+

2+

2+

Means within a column followed by different letters are significantly different (p＜0.05).
Soybean samples were prepared in duplicate. Each replicate was determined 5 times by EDTA Titration method.
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Table 4.19

Calcium and magnesium content (%) of 17 soybean lines from three locations in 2018

MS-1

Missouri
Ca (mg/100g)
Mg2+(mg/100g)
169.31±3.56h
194.77±2.85cde

Mississippi
Ca (mg/100g)
Mg2+(mg/100g)
176.25±0.89de
190.56±7.55ef

Virginia
Ca (mg/100g)
Mg2+(mg/100g)
190.95±11.59bcd 204.48±8.42bb

MS-3

203.55±5.64bcd

197.13±4.46cd

202.50±10.10ab

172.88±9.53gh

NA

NA

MS-4

216.58±3.27ab

213.85±6.07a

179.40±5.94de

229.17±3.47b

NA

NA

MS-5

196.83±5.64cdef

179.80±4.46g

176.46±5.94de

216.21±12.63bc

188.85±0.30bcde

194.42±6.56cd

MS-6

195.57±3.27cdef

187.85±2.23defg

167.00±6.62ef

246.94±5.57a

158.18±4.46hi

216.91±2.48a

MS-7

193.47±14.56cdefg

186.45±2.23defg

150.20±5.64fg

230.04±8.91b

177.72±6.54def

185.75±3.47de

MS-8

178.56±4.75fgh

197.65±3.71cd

181.08±8.32cde

169.03±0.62h

167.63±4.75fgh

182.07±0.50e

MS-9

184.44±5.35efgh

181.81±2.60fg

185.70±5.35bcde

186.89±1.11fg

174.78±9.51ef

178.83±4.09e

MS-11

171.83±10.10h

192.27±6.99cdef

154.82±8.62fg

162.38±13.25h

159.23±2.38ghi

188.03±1.73de

MS-12

228.13±4.75a

166.58±7.80h

201.66±10.69abc

194.42±0.62def

196.83±5.05ab

185.75±3.22de

MS-13

202.92±1.19bcde

210.96±9.90ab

215.11±0.59a

203.87±0.62cde

208.18±3.86a

214.99±5.69a

MS-14

196.62±0.59cdef

178.75±3.47g

189.69±15.75bcd

186.10±0.50fg

173.93±1.78efg

186.36±1.11de

MS-15

207.76±15.15bc

201.51±5.45bc

181.71±8.02bcde

200.19±1.61cdef

193.89±4.46abc

206.32±4.09b

MS-17

175.62±10.69gh

183.74±3.59efg

186.75±6.83bcde

199.58±9.90def

180.87±12.77cdef

180.67±1.98e

MS-19

186.33±10.40defgh

180.41±1.86g

194.94±14.85abcd

172.27±5.94gh

195.57±1.49abc

186.89±1.11de

MS-21

177.09±2.08gh

188.20±1.49defg

146.00±3.86g

189.69±9.78ef

152.30±5.05i

197.92±4.09bc

MS-22

176.46±9.51gh

194.42±4.83cde

166.16±13.96efg

210.43±4.21cd

176.46±9.51def

201.94±2.60bc

Sample No.

2+

2+

2+

Soybean samples were prepared in duplicate. Each replicate was determined 5 times by EDTA Titration method. Means within a column followed by different
letters are significantly different (p＜0.05).
Note: MS-3 and MS-4 in 2018 Virginia had very low yield and bad seed surface quality. They were not enough to determine calcium and magnesium content
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Table 4.20

Correlation coefficient (r value) between Ca2+, Mg2+ content and tofu firmness
over 17 soybean lines from three locations in two years

Mineral content

Filled tofu

Pressed tofu

Calcium
Magnesium

0.50*
-0.05

0.40
-0.14

N (Genotype) = 17; N (location) = 3; N (year) = 2.
Significance at 0.001 was marked as ***
Significance at 0.01 was marked as **
Significance at 0.05 was marked a

4.6

Environmental effect and correlation analysis for phytic acid concentration
Tables 4.21 and 4.22 describe the concentration of phytic acid in soybean samples from

three locations. The range of phytic acid content in 17 soybean genotypes was from 0.77 to
1.47%. Based on Table 4.22, phytic acid concentration only correlated with filled tofu firmness
(r = 0.49, p < 0.05). However, no significant correlations were found between phytic acid content
and pressed tofu firmness. Previous researcher (Saio et al., 1969) studied the effect of phytic acid
by using four varieties of soybean, and they calculated based on the content of phytic acid
naturally present in seeds or added to soybean milk, and found that a slower coagulative reaction
in tofu-making and gave high yield of tofu products when phytic acid was increased. More
recently, our research reported that when the phytate content of soybean increased, tofu yield
increased significantly and tofu firmness became softer (Hou and Chang, 2003). However,
phytate did not have a direct effect on tofu yield and hardness although the correlation existed.
From our present study, According to Tables I and VII in the appendix file, location did not
significantly affect phytic acid concentration in soybean seeds. However, genotype and year
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effect significantly influenced phytic acid content in soybean seeds, implying that genotype and
year had stronger influence than location to affect the phytic acid concentration in soybean seeds.

Table 4.21
Sample
No.
MS-1
MS-3
MS-4
MS-5
MS-6
MS-7
MS-8
MS-9
MS-11
MS-12
MS-13
MS-14
MS-15
MS-17
MS-19
MS-21
MS-22

Phytic acid content (%) of 17 soybean lines from three locations in 2017

Missouri

Phytic acid content(%)
Mississippi
Virginia

1.40±0.05b
1.19±0.04def
0.89±0.02i
1.14±0.06fg
1.28±0.05c
1.24±0.09cd
1.17±0.07ef
1.04±0.02h
1.17±0.06def
1.09±0.05gh
1.40±0.04b
0.95±0.04i
1.22±0.07cde
1.20±0.05def
1.21±0.02cde
1.47±0.09a
1.16±0.04ef

1.62±0.07a
1.33±0.05c
1.03±0.03i
1.20±0.05fgh
1.24±0.04def
1.22±0.05efg
1.29±0.03cd
1.14±0.411h
1.24±0.04def
1.06±0.04i
0.91±0.06j
1.14±0.05h
1.28±0.03cde
1.40±0.03b
1.12±0.04c
1.20±0.03fgh
1.17±0.03fgh

1.47±0.05a
1.08±0.03fg
0.97±0.04h
1.04±0.03g
1.32±0.06bc
1.17±0.03de
1.18±0.06d
1.07±0.05fg
1.30±0.02bc
1.09±0.06fg
1.27±0.04c
1.21±0.04d
1.16±0.08de
1.30±0.10bc
1.35±0.04b
1.15±0.03de
1.11±0.04ef

Soybean samples were prepared in duplicate. Each replicate were analyzed 3 times to determine phytic acid content.
Means within a column followed by different letters are significantly different (p＜0.05).
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Table 4.22
Sample
No.
MS-1
MS-3
MS-4
MS-5
MS-6
MS-7
MS-8
MS-9
MS-11
MS-12
MS-13
MS-14
MS-15
MS-17
MS-19
MS-21
MS-22

Phytic acid content (%) of 17 soybean lines from three locations in 2018

Missouri

Phytic acid content(%)
Mississippi
Virginia

1.10±0.04ef
1.13±0.04def
1.21±0.04c
0.87±0.06j
1.15±0.03de
1.09±0.05fg
1.18±0.04cd
1.12±0.03ef
1.39±0.05b
1.09±0.06efg
1.14±0.03def
1.21±0.03
1.18±0.05cd
1.46±0.04a
0.98±0.03i
1.00±0.05hi
1.04±0.04gh

1.06±0.05gh
0.95±0.03i
1.15±0.04def
0.77±0.04j
1.07±0.05gh
1.19±0.07cd
1.08±0.05fg
1.26±0.03bc
1.34±0.06a
1.13±0.08defg
1.10±0.07fg
1.09±0.07fg
1.18±0.07de
1.31±0.04ab
1.11±0.10efg
1.00±0.03hi
1.12±0.07defg

1.25±0.05b
NA
NA
0.95±0.02g
1.12±0.04def
0.90±0.02g
1.15±0.06d
1.17±0.08cd
1.15±0.05d
1.24±0.04b
1.07±0.04f
1.21±0.07bc
1.13±0.04de
1.33±0.07a
1.15±0.04d
1.09±0.03ef
0.91±0.03g

Soybean samples were prepared in duplicate. Each replicate were analyzed 3 times to determine phytic acid content.
Means within a column followed by different letters are significantly different (p＜0.05).
Note: MS-3 and MS-4 in 2018 Virginia had very low yield and bad seed surface quality. They were not enough to
determine phytic acid content.

Table 4.23

Correlation
(r value)
Phytic acid

Correlation coefficient (r value) between tofu firmness and phytic acid content
over 17 soybean lines from three locations in two years
Filled tofu

Pressed tofu

0.49*

0.32

N (Genotype) = 17; N (location) = 3; N (year) = 2.
Significance at 0.001 was marked as ***
Significance at 0.01 was marked as **
Significance at 0.05 was marked as *
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CHAPTER V
CONCLUSIONS
From current study with 17 soybean genotypes from three locations in two years,
Genotype, location, year and their interactions always exhibited significant influence on tofu
texture. The effect of location, genotype and their interactions made a significant influence on all
of the soybean storage proteins (7S, 11S, 7S+11S, 11S/7S ratio) and A3 subunits. The content of
7S protein, 11S protein and 7S+11S protein as well as 11S/7S ratio did not significantly vary in
different years. However, year effect had significant influence on total protein content and A3
subunit content. Total protein content significantly varied in different genotypes, locations and
years. Year influence significantly affected the percentage of α-helix, β-sheet and β-turn.
However, year factor did not have significant variation on random coil and the sum of β-sheet
and β-turn. Location and genotype significantly affected all protein secondary structures.
Genotype always had more significant effect than location and year. Mineral content (Ca2+ and
Mg2+) showed significant variations from different genotypes, locations and years. Location did
not significantly affect phytic acid concentration in soybean seeds. However, genotype and year
effect significantly influenced phytic acid content. From correlation analysis, we discovered that
11S protein and 11S/7S ratio positively correlated with tofu hardness. However, A3 subunit
concentration played the most significant role in influence tofu texture for both filled and pressed
tofu products. A3 subunit content was proven to be a valid basis for selecting superior genotypes
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of soybean to produce high-quality tofu in the tofu industry. Future research may explore the
effect of growth conditions of soybean seeds in different external environment, such as location,
year, seeding method, irrigation standard, and how they may effect protein compositions and
structures for improving soybean quality for tofu and other soy food making. Correlations
between Ca2+ content in soybean seeds and tofu firmness need to be verified to confirm if
calcium ions in soybean seeds would influence protein gelation to affect tofu quality.
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CHAPTER VI
SUMMARY OF ACHIEVEMENTS, CHALLENGES AND FUTUTRE RESEARCH NEEDS
In this study, our major purpose is to study the relationship between soybean chemical
components and tofu texture quality, and particularly is to validate the effect of A3 subunit and
tofu firmness. Thus, filled and pressed tofu were processed from 17 soybean genotypes from
three locations over two years. Protein was defatted and extracted by 0.02 M sodium phosphate
buffer (pH 8.5). Protein content was determined by Bradford method, protein profile was
analyzed by SDS-PAGE and calculated by Image Lab (software) based on gel scans. In addition,
seed protein secondary structures, which may possibly affect tofu texture were also analyzed and
correlated with gel firmness. Calcium and magnesium ions in soybean seeds were determined by
EDTA titration based on official AOAC method. Phytic acid content in soybean samples was
determined to prove if phytic acid concentration had an effect on the gelation of soy protein. In
our current study, we found several chemical components, especially protein patterns,
significantly affected tofu texture. We found A3 subunit content, 11S protein content, (β-Sheet +
β-Turn) concentration had positive correlations with the hardness of both filled and pressed tofu.
A3 subunit content in soybean samples had the strongest correlation with tofu firmness.
Another important aim of this study was to identify the environmental impact with the
same soybean genotypes planted in three different locations in different years. The results
identified environmental impact on all of soybean traits that we analyzed. Genotype always had
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constant and significant influence on soybean chemical components and tofu texture over 17
soybean lines from three locations in two years.
Overall, we proved that A3 subunit concentration played the most significant role in
determining tofu texture quality for both filled and pressed tofu products. A3 subunit content can
be used as a basis for selecting superior genotypes of soybean to produce high-quality tofu in the
tofu industry. Future research may explore the effect of controlled growth conditions of soybean
seeds in different external environment, such as seeding method, irrigation practice, and how
they may affect protein compositions and structures for improving soybean quality for tofu and
other soy food making.
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Table A.1
Sample No.

Characteristics of soybean seeds from 17 soybean genotypes averaged over three locations and two years.
Pressed tofu
Brittleness Elasticity
(kg force)
(%)
3.26
41.5
3.29
39.8
1.84
26.5
2.19
28.5
1.69
25.2
2.44
34.6
2.36
31.1
2.10
28.2
2.77
31.9
2.56
25.8
2.59
30.6
2.35
26.1
2.11
29.7
2.39
30.8
2.10
32.3
2.80
30.8
2.63
27.0

Filled tofu
Firmness
(gf/cm²)
144.8
134.3
92.1
95.6
92.5
102.5
93.6
98.4
104.0
103.1
99.0
87.7
92.4
114.9
111.0
95.3
92.5

Hardness
(kg force)
8.15
7.91
5.30
6.29
5.16
7.14
6.53
6.45
6.74
6.11
6.87
6.16
6.24
6.69
6.98
6.70
6.04

102.9
3.0

6.56
0.23

2.44
0.17

30.6
1.6

101.9b
101.5b
105.3a

6.46b
6.68a
6.44b

2.37b
2.48a
2.37b

31.0a
30.4b
29.9b

7S
(%)
25.0
24.4
25.9
25.4
24.4
24.4
27.0
25.1
25.7
28.5
26.6
29.6
25.5
21.1
26.7
26.1
26.0

Protein
11S
7S+11S
(%)
(%)
44.5
69.5
43.0
67.4
41.8
67.7
42.1
67.5
40.4
64.8
43.0
67.4
40.1
67.1
40.3
65.4
40.8
66.5
41.4
69.9
39.7
66.4
40.7
70.3
41.3
67.0
41.5
62.5
41.8
68.5
39.1
65.2
39.8
65.8

288.6
8.8

TP
(%)
43.2
43.9
43.2
42.6
41.9
44.3
44.0
41.5
41.7
41.5
40.2
40.6
41.4
42.8
42.6
42.4
42.6
42.4
0.4

25.7
1.1

41.3
1.4

290.4a
286.7b
291.6a

42.8a
42.4b
41.9c

26.4a
26.0b
25.0c

41.4b
42.2a
40.3c

Mineral
Ca2+
Mg2+
(mg/100g) (mg/100g)
210.7
224.32
222.0
221.24
201.0
232.16
197.5
219.41
194.0
227.48
196.6
219.04
197.8
207.87
199.6
205.99
198.4
216.63
208.3
205.33
216.8
237.95
201.0
211.19
211.1
221.97
201.8
222.18
200.6
209.63
183.2
220.37
189.6
222.73

Phytic
Acid
(%)
1.32
1.14
1.05
0.99
1.20
1.13
1.18
1.13
1.27
1.12
1.15
1.13
1.19
1.33
1.15
1.15
1.09

1.79
1.76
1.62
1.66
1.66
1.77
1.49
1.61
1.59
1.46
1.51
1.37
1.61
1.99
1.58
1.50
1.53

A3
(%)
3.89
3.65
2.70
2.96
2.71
3.13
3.12
3.06
3.33
3.09
2.81
3.09
2.77
3.02
3.68
3.16
2.85

67.0
2.2

1.62
0.06

3.12
0.14

201.77
8.1

219.15
5.3

1.16
0.04

67.8a
68.2a
65.4b

1.58b
1.64a
1.63a

3.2b
3.9a
2.5c

197.7b
199.2b
207.5a

219.9a
219.9a
217.3b

1.16a
1.16a
1.16a

Year
268.9a
42.8a 25.9a 41.4a 67.32a
2017
102.5b
6.81a
2.53a
32.9a
309.2b
41.9b 25.7a 41.1a 66.75a
2018
103.4a
6.27b
2.29b
28.0b
TP: total protein. Means within a column followed by different letters are significantly different (P < 0.05).

1.62a
1.61a

3.2a
3.1b

218.5a
183.9b

243.0a
194.0b

1.20a
1.12b

MS-1
MS-3
MS-4
MS-5
MS-6
MS-7
MS-8
MS-9
MS-11
MS-12
MS-13
MS-14
MS-15
MS-17
MS-19
MS-21
MS-22
Mean
LSD (0.05)
Location
VA
MS
MO

Yield
(g/100g)
253.5
257.0
290.6
284.4
330.5
295.0
284.0
276.1
299.6
290.9
290.1
293.2
295.4
289.6
291.5
286.8
298.2
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Table B.1

ANOVA table for the firmness of filled tofu over 17 soybean lines from three
locations in two years.

Factor
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS
177.48
1767.82
683.06
129138.09
5333.55
17925.60
3757.44

MS
177.48
883.91
341.53
8071.13
333.35
560.18
125.25

N (genotype) = 17; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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F value
6.74
33.58
12.98
306.64
12.66
21.28
4.76

Pr > F
0.01
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

Table B.2

ANOVA table for the texture of pressed tofu over 17 soybean lines from three
locations in two years.

Factor
Hardness
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype
Brittleness
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype
Elasticity
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS

MS

F value

Pr > F

18.57
1.90
2.55
133.45
35.31
15.80
11.03

18.57
0.95
1.28
8.34
2.21
0.51
0.44

257.76
13.17
17.71
115.80
30.64
7.08
6.12

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

4.56
0.33
0.24
45.07
6.00
9.73
4.69

4.56
0.16
0.12
2.82
0.38
0.31
0.19

120.70
4.33
3.15
74.57
9.93
8.31
4.97

<.0001
0.01
0.05
<.0001
<.0001
<.0001
<.0001

1448.02
86.32
212.78

1448.02
43.16
106.39

433.52
12.92
31.85

<.0001
<.0001
<.0001

4833.57
1202.77
801.65
646.37

302.10
75.17
25.86
25.85

90.44
22.51
7.74
7.74

<.0001
<.0001
<.0001
<.0001

903.84
3.98
5.64
38.97
14.27
2.70
4.69

<.0001
0.02
0.005
<.0001
<.0001
0.0001
<.0001

Yield
63764.98
63764.98
Year
561.35
280.68
Location
796.44
398.22
Year x Location
43985.01
2749.06
Genotype
16106.98
1006.69
Year x Genotype
5903.04
190.42
Location x Genotype
330.69
Year x Location x Genotype 8267.22
N (genotype) = 17; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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Table B.3

ANOVA table for the protein profile over 17 soybean lines from three locations in
two years.

Factor
Total protein
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS

MS

F value

Pr > F

25.48
23.44
44.48
238.72
32.66
41.51
75.63

25.48
11.72
22.24
14.92
2.04
1.30
2.61

133.58
61.44
116.57
78.20
10.70
6.80
13.67

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

7S protein
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

5.37
98.90
32.96
795.06
33.12
280.54
179.28

5.37
49.45
16.48
49.69
2.07
8.77
5.98

3.72
34.28
11.42
34.45
1.43
6.08
4.14

0.06
<.0001
<.0001
<.0001
0.13
<.0001
<.0001

11S protein
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

0.76
199.25
80.00
443.36
79.99
591.90
327.32

0.76
99.63
40.00
27.71
5.00
18.50
10.91

0.30
38.61
15.50
10.74
1.94
7.17
4.23

0.59
<.0001
<.0001
<.0001
0.02
<.0001
<.0001

1.79
44.11
17.33
8.63
1.19
6.60
4.27

0.18
<.0001
<.0001
<.0001
0.28
<.0001
<.0001

7S+11S protein
Year
11.17
11.17
Location
550.68
275.34
Year x Location
216.41
108.20
Genotype
861.69
53.86
Year x Genotype
118.42
7.40
Location x Genotype
1319.13
41.22
Year x Location x Genotype 800.31
26.68
N (genotype) = 17; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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Table B.3 (Continued)
Factor
11S/7S ratio
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS

MS

F value

Pr > F

0.0007
0.10
0.02
5.35
0.39
0.93
0.65

0.0007
0.05
0.01
0.33
0.02
0.03
0.02

0.16
10.29
1.90
69.61
5.07
6.06
4.50

0.69
<.0001
0.15
<.0001
<.0001
<.0001
<.0001

0.52
46.57
12.61
1.58
0.14
0.35
0.14

21.61
1923.38
520.78
65.26
5.90
14.54
5.86

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

A3 subunit
Year
0.52
Location
93.14
Year x Location
25.22
Genotype
25.28
Year x Genotype
2.28
Location x Genotype
11.26
Year x Location x Genotype
4.26
N (genotype) = 17; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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Table B.4

ANOVA table for the protein secondary structure over 7 soybean lines from three
locations in two years.

Factor
Helix
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype
Beta-Sheet
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS

MS

F value

Pr > F

5.28
2.84
2.73
110.39
13.83
39.26
31.84

5.28
1.42
1.37
18.40
2.30
3.27
3.54

10.63
2.86
2.75
37.02
4.64
6.58
7.12

0.002
0.04
0.07
<.0001
0.0004
<.0001
<.0001

4.85
25.79
36.35
155.41
5.86
152.30
54.91

4.85
12.90
18.18
25.90
0.98
12.69
6.10

5.48
14.56
20.53
29.26
1.10
14.34
6.89

0.02
<.0001
<.0001
<.0001
0.37
<.0001
<.0001

10.93
5.17
25.01
10.27
9.18
8.85
10.91

0.001
0.008
<.0001
<.0001
<.0001
<.0001
<.0001

Beta-Turn
6.42
6.42
Year
6.07
3.04
Location
29.38
14.69
Year x Location
36.20
6.03
Genotype
32.34
5.39
Year x Genotype
62.41
5.20
Location x Genotype
6.41
Year x Location x Genotype 57.66
N (genotype) = 7; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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Table B.4 (Continued)
Factor
Beta Sheet+Turn
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS

MS

F value

Pr > F

0.11
18.22
129.87
183.68
25.93
284.25
145.21

0.11
9.11
64.93
30.61
4.32
23.69
16.13

0.08
6.74
48.01
22.64
3.20
17.51
11.93

0.78
0.002
<.0001
<.0001
0.007
<.0001
<.0001

3.68
9.05
42.51
9.14
4.28
11.94
10.80

0.058
0.0003
<.0001
<.0001
0.0008
<.0001
<.0001

Random coil
6.91
6.91
Year
34.04
17.02
Location
159.87
79.93
Year x Location
103.10
17.18
Genotype
48.29
8.05
Year x Genotype
269.40
22.45
Location x Genotype
20.30
Year x Location x Genotype 182.69
N (genotype) = 7; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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Table B.5

ANOVA table for the calcium and magnesium content of soybean seeds over 17
soybean lines from three locations in two years.

Factor
Calcium
Year
Location
Year x Location
Genotype
Year x Genotype
Location x Genotype
Year x Location x Genotype

SS

MS

F value

Pr > F

56769.84
3698.85
613.45
15122.98
17100.60
8708.35
10802.20

56769.84
1849.43
306.72
945.19
1068.79
272.14
360.07

867.24
28.25
4.69
14.44
16.33
4.16
5.50

<.0001
<.0001
0.01
<.0001
<.0001
<.0001
<.0001

4088.15
4.34
14.07
32.76
21.28
9.58
8.62

<.0001
0.02
<.0001
<.0001
<.0001
<.0001
<.0001

Magnesium
Year
114414.33
114414.33
Location
243.07
121.53
Year x Location
787.35
393.68
Genotype
14668.24
916.77
Year x Genotype
9530.65
595.67
Location x Genotype
8577.54
268.05
Year x Location x Genotype 7240.36
241.35
N (genotype) = 17; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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Table B.6

ANOVA table for the phytic acid content over 17 soybean lines from three
locations in two years.

Factor
SS
MS
Year
0.88
0.88
Location
0.01
0.01
Year x Location
0.06
0.03
Genotype
4.12
0.26
Year x Genotype
3.06
0.19
Location x Genotype
1.61
0.05
Year x Location x Genotype 2.03
0.07
N (genotype) = 17; N (year) = 2; N (location) = 3.
SS: sum of squares; MS: mean square.
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F value
178.33
1.43
5.64
52.26
38.75
10.22
13.74

Pr > F
<.0001
0.24
0.004
<.0001
<.0001
<.0001
<.0001

